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ABSTRACT 

The use of cellular foams as a core material in light-weight optical and structural 

systems is of considerable interest. Research and development of these systems, 

however, have been hampered by the lack of material property data and uncertainty in 

the use of various suggested material characterizations and the associated constants of 

proportionality. 

ASTM standards were researched and, for the most part, found inadequate for 

testing cellular foam materials. The compression, tension and shear test methods 

developed are presented, as well as the results from physical tests on closed-cell SXA^ 

foam specimens. Based on the test results, material characterizations are presented. 

Additionally, a parametric study was performed to investigate the behavior of 

open and closed-cell foams. Twenty-one (21) finite element models were built and 

seventy (70) analyses were performed to study the effects of cell geometry. Based on 

the FEA results, material characterizations are presented for the cubic array and the 

tetrakaidecahedron geometry. 

The FEA results are compared with the characterizations proposed by Gibson 

and Ashby and the test results. The validity of the scaling laws are confirmed; however, 

the proposed constants of proportionality overestimate the modulii a minimum of SO'^ o. 

New constants are presented for both open-cell and closed-cell foams, as well as 

additional insights into the effects of cell shape on Poisson's ratio. 
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CHAPTER I 

INTRODUCTION 

The engineering potential of cellular foams in optical, as well as, structural 

applications is considerable, and at present, incompletely realized. With greater 

emphasis on weight reduction, composite foam structural systems offer an attractive 

alternative to conventional structures. Advances in material foaming technology and 

processes have provided the ability to foam a wide variety of materials including 

plastics, ceramics, aluminum composites, nickel, and quartz. The use of these materials 

in light-weight optical and structural systems is of considerable interest. Research and 

development of these systems, however, has been hampered by the lack of material 

property data and uncertainty in the use of various suggested constants of proportionality' 

that are required to characterize the mechanical properties of cellular foams, especially 

foamed metals and foamed glass. The large number of variables associated with cellular 

foams, including material and alloy, density, pore size, and shape, make it difficult to 

accurately establish and characterize the mechanical properties. Also, cellular foam 

materials are now available in a wide range of densities. It is cost prohibitive and not 

practical to physically test every density of a given material and its alloys for mechanical 

properties. To minimize cost and development time, functional relationships capable of 

estimating the properties of foamed materials {particularly metals and glasses) based on 

the well-established mechanical properties of the solid parent material and the relative 

density of the foamed material are required. 
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When designing composite structures which utilize a cellular foam core, the 

elastic modulus (E), the shear modulus (G), and Poisson's ratio (v), are of primary 

importance. The lightweight telescope, shown in Figure 1.1, utilizes a 12.0 in. foam 

core primaiy mirror. The primary mirror, which weighs 4.3 lbs., consists of two 

aluminum face plates bonded to an aluminum core. When subjected to a flexural 

deformation, the thin faces with a high modulus of elasticity resist most of the 

longitudinal bending stresses. The foam core, which has a relatively low modulus of 

elasticity, acts almost entirely in shear. The resulting deformation is a combination of 

flexural and shear deformations. Shear deformations in composite structures, unlike 

conventional structures, are appreciable and may be an order of magnitude greater than 

flexural deformations. Accurate prediction of the structural and optical performance of 

lightweight, composite mirrors in the design stage, requires that the mechanical 

properties of the cellular foam core material be accurately characterized. 

As mentioned above, the material properties of particular interest are the elastic 

modulus (E), the shear modulus (G), and Poisson's ratio (v). For an isotropic, linear 

elastic material these properties are not independent and if two of the material properties 

are known the third can be determined analytically. Almost all natural and man-made 

cellular foamed materials are generally considered anisotropic, especially in a 

microscopic sense. However, due to random directionality and generally uniform cell 

size and shape, many man-made foams are believed to behave isotropically in a 

macroscopic sense. In the past much of the research in lightweight mirrors at the 
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University of Arizona' s Optical Sciences Center has been based on the assumption that 

the cellular foam materials are homogeneous and isotropic. While this is not true of all 

foams, extensive material testing has established that the foam materials tested are 

generally isotropic or can be considered so in a macroscopic sense. Therefore, only 

three material properties E, G, and v are needed to describe the macroscopic behavior of 

the cellular foam material for a given density. 

Figure 1.1 Lightweight Telescope With Composite Mirror 
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I ASTM TEST METHODS 

ASTM standards, in general, deal with the determination of material properties 

of solid materials. Several ASTM standards, however, do deal with the determination of 

the material properties of sandwich cores and sandwich constructions. The standards 

listed in Table 1.1 cover the determination of compressive, tensile, and shear properties 

of sandwich cores. With the exception of ASTM C 365 - 57 ^'Standard Test Methods for 

Flatwise Compressive Strength of Sandwich Core.v", current ASTM test methods for the 

determination of mechanical properties were researched and found inadequate for 

testing cellular foam materials. Unlike solid materials, cellular foams are in many cases 

fragile and difficult to instrument with strain gages. Additionally, the stiffness of the 

gage's backing material and the bond layer could lead to strain measurement 

inaccuracies. The difficulty in testing cellular foams and the inaccuracies associated 

with the standard test methods established the need for new test methods and procedures 

for these materials. To completely and accurately characterize the material properties of 

cellular foam materials multiple tension, compression, and shear tests are required. 

As detailed above, only one standard has been determined to be directly 

applicable to testing cellular foam specimens. ASTM C 365 - 57 "Standard Test 

Methods for Flatwise Compressive Strength of Sandwich Cores" covers the 

determination of the compressive properties of sandwich cores. This standard, which 

was reapproved in 1988, is useful for determining properties for design purposes and 
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Designation Title 

C 365 - 57 Standard Test Methods for Flatwise Compressive Strength of 
Sandwich Cores 

C 297 - 61 Standard Test Method for Tensile Strength of Flat Sandwich 
Constructions in Flatwise Plane 

C273-61 Standard Test Method for Shear Properties of Plat Sandwich 
Constructions or Sandwich Cores 

Table 1.1 ASTM Standards Relating To Sandwich Cores 

establishes two test methods. Method A provides complete deformation data of the core 

material, while Method B, an alternative method, measures crushing strength only. 

ASTM C297 - 61 , also reapproved in 1988, covers the detennination of the 

strength in tension of the core, or of the bond between the core and the facings of an 

assembled sandwich panel. Although this standard was not directly applicable as 

written, some of the concepts and procedures could be and were utilized in developing a 

test procedure for tension specimens. 

Shear testing of cellular foam specimens is discussed by Stone (1989) "Shear 

Modulii For Cellular Foam Materials". The difficulty in testing foam and the 

inaccuracies associated with the standard test methods utilized to determine shear 

properties are presented in detail. Additionally, the test method developed for cellular 

foam specimens, as well as the design and analysis of the test fixture is presented. The 

original fixture design and method developed by Stone was improved upon with the 

addition of 2.0 inch gage length extensometers and computer controlled data acquisition. 

These improvements, as well as a complete discussion of the test methods and 

procedures, are presented in Chapter 2. 
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11 LITERATURE REVIEW 

To date, Gibson's and Ashby's work in the area of cellular solids has been 

regarded as the most extensive. Gibson and Ashby, (1988) '"Cellular Solids Structure 

and Properties'", go into great detail on cell shape, size and topwlogy for both man-made 

and natural cellular solids. This is very important since they used a linear elastic 

microscopic approach to derive the strength and stiffhess properties of cellular solids 

based on a unit cell. Gibson and Ashby also make a distinction between two-

dimensional cells and three-dimensional cells. Two-dimensional cells, where the cell 

walls have a common generator, are shown in Figure 1.2. In three-dimensional cells, as 

shown in Figure 1.3, the cell walls have random orientations in space. They stated that 

the properties of cellular solids depend on three parameters: the geometry of the cells, 

the properties of the solid cell wall material, and the relative density of the cellular solid. 

The single most important feature of a cellular solid is the relative density, (the densitv' 

of the foam divided by the density of the solid from which the foam was made). For a 

two-dimensional array of cells, cell shape is important; however, most mechanical 

properties depend weakly on cell size. In foams, where the cell walls have random 

orientations, the distinguishing feature is whether the cells are closed (that is, each cell 

is sealed off from the neighboring cells) or open (such that, the neighboring cells are 

interconnected). A ceramic open-cell foam is shown in Figure 1.4 and a polyethylene 

closed-cell foam is shown in Figure 1.5. Although Gibson and Ashby devoted a 

significant amount of research into the mechanics of two-dimensional cellular solids. 
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such as honeycombs, this dissertation deals with three-dimensional man-made foams 

and the remaining discussion will be limited to Gibson' s and Ashby' s work in this area. 

(a) 

Figure 1.2 Two-Dimensional Cellular Solid 

Figure 1.3 Three-Dimensional Foam 
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Figure 1.4 Open-Cell Ceramic Foam 

Jmm 

Figure 1.5 Closed-Cell Polyethylene Foam 
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Cellular foams are made up of an interconnecting network of solid struts which 

form the edges of the cells in the case of open-cell foams and of an interconnecting 

network of solid struts and plates which form the edges and faces of closed-cell foams. 

As mentioned earlier, the single most important feature of a cellular foam is the relative 

density. When deriving strength and stiffness properties based on a unit cell, it is 

important to be able to approximate the relationship between cell edge or face length, 

cell edge or face thickness, and the relative density of the foam. A first-order 

approximation of the relative density for open-cell foams is; 

where: 

Pf = density of the cellular foam 

Ps = density of the solid parent material 

I = cell edge length {open-cell) or cell face length {closed-cell) 

t = cell edge thickness {open-cell) or cell face thickness {closed-cell) and (t« 1 ) 

CI = numerical constant 

C; = numerical constant 

( 1 . 1 )  

and for closed-cell foams is: 

(1 .2)  



Ci and C; depend on the details of the cell shape but are reported by Gibson and Ashby 

to be near unity. For most practical purposes this is enough; however, when the relative 

density is greater than 20% these approximations overestimate the density. The 

overestimation is due to double coimting; the comer of open-cell foams and the edges 

and comers of closed-cell are counted twice. 

A second-order approximation for open-cell foams with vertex corrected density 

must be of the form: 

where the Cs and the Ds are cell shape correction factors that must be evaluated. Gibson 

and Ashby claim that experimental scatter and other corrections tend to mask the small 

differences that double counting introduces and the correction is only significant when 

the relative density exceeds 20%. They do, however, introduce one more approximation 

for closed-cell foams which accounts for the distribution of solid between the cell edges 

and the cell faces. In many closed-cell foams during the foaming process, the solid is 

drawn into the cell edges which are thicker than the cell faces. To approximate this, 

they let (j) be the volume fraction of the solid contained in the cell edges and (l-(j)) be the 

remaining volume in the faces. Then; 

(1.3) 

and for closed-cell foams must be of the form: 

(1.4) 



(1 .5)  

where; 

te = cell edge thicioiess (open or closed-cell foams) 

tr = cell face thickness (closed-cell foams) 

Zf = number of faces that meet at an edge 

n = average number of edges f)er face on a single cell 

f = number of faces on a single cell 

1 = cell edge length 

From Equation 1.5, Gibson and Ashby determine the relative density as a function of the 

cell variables. The approximate relative density for all open and closed-cell foams is: 

where C3 is a constant relating the cell volume to P. From Equations 1.5 and 1.6 they 

obtain a relationship for t|/l and for t^/l which are used later to derive strength and 

stiffness properties. These quantities can be expressed as follows; 

(1 .6 )  

I f ^ "^'p. 
(1.7a) 

(1.7b) 
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Furthermore, they state that for most closed-cell foams Zt = 3, n s 5, f = 14 and Cj = 10 

and Equations 1.6 and 1.7 can be expressed as follows: 

Many of the variables discussed above are difficult to quantify due to the irregular 

nature of most foams. Gibson and Ashby claim that generally experimental scatter is too 

large to make sophistication worthwhile and the real importance is that relative densit\ 

of closed-cell foams always scales as (t/l); and that open-cell foams scales as (t/1)" with a 

constant of proportionality near unity. 

As discussed above, the prominent structural features are the relative density of 

the foam and the degree to which the cells are open or closed. The crucial properties of 

the solid cell material are the solid density (pj. Young's modulus (EJ, and the yield 

strength (ays). Generally, foam properties are analyzed in terms of these solid material 

parameters and are calibrated against experimental data to yield equations suitable for 

design. Other factors, such as the strain-rate, the temperature, and anisotropy also 

influence foam properties. Since this dissertation deals with foams at room temperature 

and very low strain-rates, the first two factors will be disregarded. 

( 1 . 8 )  

(1.9a) 

(1.9b) 
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For opto-mechanical systems the foam properties of interest are the initial elastic 

modulus (Ef), the initial shear modulus (Gf), and Poisson's ratio (v,). Generally 

speaking, in many of these systems, the loads are low and deformations are due to self 

weight. Gibson and Ashby state that at low stresses, foams, open or closed, behave in a 

linear elastic manner. Linear elasticity is controlled by cell-edge bending and, if the 

cells are closed, by cell-face stretching. Generally, when loaded in compression, the 

linear elastic response is followed by a long collapse plateau and densification. When 

subjected to tension, the linear response is typically followed by a yield point and cell 

wall alignment. 

To derive the linear elastic modulus for open-cell foams subjected to small 

strains, Gibson and Ashby established a first-order approximation that considers the 

effects of cell edge bending. They used a cubic array of square members, as shown in 

Figure 1.6, to model open-cell foams. Adjoining cells are staggered and are joined at the 

midpoint of the members. When loaded, the members deflect as shown in Figure 1.7. 

Using standard beam theory, the deflection (5) of the structure as a whole is: 

FI^ 
5 = C,— (1.10) 

EJ 

where: 

Es = Young's Modulus of the solid material 

I = Moment of inertia of the cell edge (I oc t"*) 

Ci = Constant of Proportionality 
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:ell edge 

open cell face UJ 

Figure 1.6 Cubic Model of Open-Cell Foam 

CELL EDGE 
'BENDING 

Figure 1.7 Loaded Cubic Model of Open-Cell Foam 
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Now consider that Young's modulus for the foam (Ef) is given by: 

E.-= 
e 

_F 

li = I 
5 15 

Substituting Equation 1.10 we obtain: 

Rearranging and substituting Equation 1.1 yields: 

( 1 . 1 1 )  

C| is a constant which includes all geometric constants of proportionality. From 

e.xperimental data, Gibson and Ashby conclude that Ci s 1. 

The shear modulus (Gf) for an open-cell foam is calculated in a similar manner 

and is expressed as follows: 

where C2 is a constant that includes all constants of proportionality and is reported by 

Gibson and Ashby to be approximately 3/8. 

The characterization of closed-cell foams is much more complicated due to 

additional stiffness of the cell faces (i.e. face stretching) and the stiffness contribution 

caused by compression of the cell fluid (i.e. enclosed gas pressure). Again, Gibson and 

^ V 
G f  ^ 1  P r  

( 1 . 12 )  
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Ashby used a microscopic linear elastic approach subject to small strains to establish the 

following relationship for closed-cell foams: 

where a and P are simple constants of proportionality. Then, substituting Equations 

1.9a and 1.9b they obtain; 

where Ci and C|' are again constants of proportionality. The first portion of Equation 

1.14 is the contribution due to cell edge bending, while the second is the contribution 

due to face stretching. Finally, using Boyle's law, the additional contribution to the 

elastic modulus due to the compression of the cell fluid is derived and added to Equation 

1.14. Gibson and Ashby suggest that Ci s C|'s 1 and the relationship, including fluid 

compression, can be expressed as follows: 

where po is the initial fluid pressure and v,- is Poisson's ratio for the foam. The 

contribution due to fluid pressure is considered to be small when the fluid is a gas, and 

Po is atmospheric pressure. 

The shear modulus (G,-) for a closed-cell foam is calculated in a similar manner 

and is expressed as follows: 

(1.13) 

(1.14) 

(1.15) 
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G 

E 
= C,(()-f^l +C,'(1-(|))^ 

y p j  P s  
( 1 . 1 6 )  

Again, Gibson and Ashby suggest that Ci = Ci' = 3/8. It should be noted that the 

relationship for the shear modulus does not include any contribution due to fluid 

pressure. This is due to the fact that a body subjected to pure shear does not change in 

volume and, therefore, the internal pressure does not change. 

Gibson and Ashby used test data to establish the constants of proportionality and 

support the equations derived above. The vast majority of the data came from polymers 

such as polyethylene, polystyrene and polyurethane. Additionally, of the few data points 

for metal and glass foams, many are above 50% relative density. According to Gibson 

and Ashby, above about 30% relative density, there is a transition fi-om a cellular 

structure to one of a solid containing isolated pores. Data from relative densities above 

30% should be considered separately. For that reason, additional research was required 

to characterize the mechanical properties for metal and glass foams. 
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CHAPTER 2 

TEST METHODS 

Accurate determination of material properties for any material is dependent on 

the test method, the test fixture and the accuracy of the load and strain measurement 

devices. Likewise, of fundamental importance in the design of a test fixture is the 

specimen size and material characteristics. Although the foam system in many cases can 

be considered isotropic and homogeneous, edge effects and surface irregularities can 

introduce inaccuracies into the test method. In order to minimize these effects and 

provide accurate macroscopic material properties, the specimen must be of sufficient 

size and thickness. Additionally, several of the test methods require the specimen to be 

bonded to steel load plates. The physical dimensions of the specimen must be such that 

the inaccuracies attributed to the epoxy bond at the specimen boundaries are negligible. 

Similarly, the test fixture must be capable of introducing a uniform state of stress in the 

specimen and strains must be measured to a high degree of accuracy. The test methods, 

described in detail later in this chapter, satisfy these requirements and provide a basis for 

characterizing cellular foam materials. 

The material to be tested, as mentioned above, is an important consideration in 

the development of the test methods. The parent material, as well as the cell structure 

and size are all important when determining the specimen size and developing the test 

methods. Many materials, such as foamed fused silica, are very fragile and difficult to 

handle. Fixturing and instrumentation of this type of material is especially difficult. 



Open-cell foams are difficult to test in shear. The size and thickness of the bond layer 

between the load plates and the specimen is critical in providing uniform load transfer at 

the specimen boundary. When the bond layer is too thin, the specimen is attached to the 

load plate by very small beam elements {the cell edges), which can deflect locally. The 

bond layer, when too thick, can introduce undesirable secondary effects at the specimen 

boundaries. On the other hand, establishing an effective bond layer between the load 

plate and the specimen in closed-cell foams may also be difficult. If the mean cell 

diameter is small (O.OiO in. or less), the bond layer may be ineffective in transferring 

load into the specimen. Specimen size relative to cell size is also an important 

consideration, especially when macroscopic material properties are sought. For these 

reasons, as well as others, the properties of the parent material and the structure of the 

foam must be considered when developing test methods for cellular foam materials. 

The material used in all tests is STABLCEL™ Metal Matrix Composite (5A1-I) 

foam. SXA is an aluminum alloy reinforced with fifteen to twenty-five volume percent 

silicon carbide particulate. The material is produced by Advanced Composite Materials 

Corporation (ACMC) and is available in solid sheets, as well as, low density foam. This 

material is of particular interest in the fabrication of lightweight mirrors because the 

material has a high specific stiffhess (1.6 times greater than aluminum) and the 

coefficient of thermal expansion is identical to nickel, the material used to plate the 

mirror surface. Matching the coefficients of thermal expansion eliminates bimetallic 

bending of the mirror face plates with temperature changes. Additionally, the foam core 
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supports the face plates more uniformly than honeycomb or ribbed back structures, 

which prevents polishing print-through and provides superior impact resistance. 

The parent material properties for SXA are presented in Table 2.1. Likewise, the 

properties for SXA low density, closed-cell foam are presented in Table 2.2. 

Mechanical Property Value 

Weight Density (lbs./in. 3
) 0.105 

Elastic Modulus (lbs.fin. 2) 16,500,000 
Shear Modulus (lbs.Jin. 2) 6,400,000 
Poisson' s ratio (in.Jin.) 0.29 
Yield Strength (lbs.Jin. 2) 60,000 

Table 2.1 SXA Parent Material Properties 

Property I Characteristic Value 

Weight Densities (lbs. /in. 3
) 0.0095 - 0.0231 

Relative Densities (%) 9.0 - 22.0 
Pore Sizes (in.) 0.05 - 0.13 
Pore Shape Uniform Non-directional 

Table 2.2 SXA Foam Properties 

I ASTM REQUIREMENTS 

Prior to developing a test program for cellular foam materials, ASTM standards 

were reviewed in detail. As mentioned in Chapter 1, of the standards researched, ASTM 

C 365 - 57 "Standard Test Methods f or Flatwise Compressive Strength of Sandwich 

Cores" was the only standard determined to be acceptable for testing cellular foam 

materials as written. This standard covers the determination of compressive properties 

of core materials utilized in sandwich constructions. Unlike the other standards, which 

primarily cover the detennination of the material properties of an assembled sandwich 
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construction, ASTM C 365 focuses on core materials without face plates. Although the 

test method presented in ASTM C 365 could be used to test an assembled sandwich 

panel, the size requirements for the specimens are not based on the thickness of the 

assembled sandwich panel. Additionally, many of the guidelines and principles 

established in ASTM C 365 were applicable to other types of tests and were used in the 

development of the tension test method and the shear test method. 

The test specimens, as stated in ASTM C 365, shall be square or circular having 

cross-sectional areas not exceeding 16.0 in.", but not less than l.O in." for continuous 

cores or 4.0 in." for open-cell or gridded type cores. In this case, continuous cores were 

considered to be materials, such as balsa, foamed rubbers and foamed resins, which have 

small pores 0.25 in. in diameter or less. Open-cell or gridded type cores, such as 

honeycomb cores, were considered to have cells larger than 0.5 in. The height of the 

specimens shall be 4.0 to 8.0 in., but should not exceed four times the width or diameter 

of the specimen. An additional height requirement is that the compressometer, or in this 

case the extensometer, have a gage length not greater than two-thirds of the unsupported 

specimen length. All dimensions should be measured to an accuracy of at least 0.5°'o. 

The compression specimen shown in Figure 2.1, conforms to the dimensional 

requirements of ASTM C 365. The square specimen has a cross-sectional area of 9.0 

in." and a length of 5.5 in. Additionally, the length-to-width ratio {L W) is 1.83 to 

eliminate buckling as a mode of failure. The extensometers, which are described in 

detail later in this chapter, have a gage length of 2.0 in. This gage length, when 
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positioned along the length of the specimen, 1s slightly greater than one third of the 

specimen's unsupported length. ASTM C 365 does not address lateral strain 

measurements; however, a 3.0 in. specimen width was prescribed so that lateral strain 

measurements could be collected. The extensometer' s 2. 0 in~ gage length, when 

positioned perpendicular to the axis of the specimen, is exactly two-thirds of the 

specimen's unsupported width. 

l 
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o 0 o 0 o 0 o 0 o 0 o 0 o 0 o 
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000000000000000 
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000000000000000 
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Figure 2.1 Compression Test Specimen 

Likewise, the tension specimen shown in Figure 2.2, also conforms to the 

dimensional requirements of ASTM C 365. Requirements for cross-sectional area are 

the same for both ASTM C 365 and ASTM C 297 "Standard Test Method for Tensile 

Strength of Flat Sandwich Constructions in Flatwise Plane". The cross-sectional area is 

2.25 in2
, which is greater that the minimum required. A specimen width of 1.5 in. was 

prescribed to accommodate the extensometer' s knife edges (.375 in. wide) with 

sufficient edge distance. To ensure measurement of macroscopic tensile properties, the 

specimen width is approximately seventeen times greater than the average cell diameter. 
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Figure 2.2 Tension Test Specimen 

The dimensional specifications for the shear specimen shown in Figure 2.3 were 

developed using the guidelines of ASTM D 2719 - 89 "Standard Test Methods for 

Structural Panels in Shear Through-the-Thickness". This standard was originally 

developed for plywood and covers the determination of shear through-the-thickness 

properties of structural panels with shear distortion of the face planes. Although 

developed for plywood, most of the principles and procedures are directly applicable to 

cellular foam materials. Stone (1989) "Shear Modulii For Cellular Foam Materials" 

discusses in detail relevant ASTM standards for shear testing, the theoretical analysis of 

the specimen configuration, and the design and analysis of the test fixture. The shear 

specimen also dimensionally satisfies many of the requirements set forth for the tension 

and compression specimens. The panel thickness is 1.50 inches, the same as the tension 

specimen, to ensure measurement of macroscopic properties, and eliminate panel 

buckling and the effects of surface irregularities. The theoretical diagonal dimension is 

5. 66 inches, nearly the same as the overall length of the tension and compression 

specimens. The notches are required for fixture comer clearance and cause only a minor 
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variation in the shear stresses near the corners. The extensometer gage length is less 

than one-half of the notched diagonal length, which is consistent with the other 

specimens. 

- --- 4.000 Jggg -----

4.000 ~:ggg 

~ 
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Figure 2.3 Shear Test Specimen 
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Other ASTM requirements include the use of lightweight extensometers capable 

of measuring strains to the nearest 0.0001 in.fin. ASTM D 2719 requires the use of two 

extensometers mounted back-to-back on the specimen' s tension diagonal and ASTM C 

365 requires the use of a self-alignjng spherical bearing block. ASTM standards require 

that a minimum of five specimens be tested utilizing a testing machine capable of 

operating at a constant rate of motion of the movable head. Suggested rates for head 

movement are presented in each standard. 
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11 TEST METHODS 

Using the specimens previously described and the guidelines and procedures 

established by ASTM, test methods were developed for testing SXA low density foam. 

Specimens of two (2) relative density ranges (10% and 20%) were tested to determine 

the macroscopic mechanical properties as a function of the foam's relative density. The 

following material properties were sought; 

• Shear Modulus, G 
• Elastic Modulus (tension), Ej 
• Elastic Modulus (compression), Ec 
• Poisson's ratio (Compression), Vc 

To accurately quantify the above material properties compression, tension, and 

shear tests were conducted on the foam specimens. A total of thirty (30) specimens, 

fifteen (15) of each density range, were tested to establish the required mechanical 

properties. To comply with ASTM standards, one third of the fifteen (15) specimens of 

each density range were configured for each test type (i.e. compression, tension and 

shear). Each specimen was machined from an oversized blank at the Universit}- of 

Arizona Optical Sciences Center machine shop. After machining, every specimen was 

weighed and measured. Length, width, and thickness measurements were taken and 

recorded at four (4) locations and the nominal dimensions determined. The nominal 

dimensions were then used as input parameters during testing. Physical testing was 

performed at The University of Arizona Department of Aerospace and Mechanical 
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Engineering. All tests were performed at room temperature on an MTS 810 material test 

system with computer controlled data acquisition. 

The MTS 810 material test system is a powerful, flexible, servohydraulic system 

for static and dynamic testing of materials and components. The system consists of a 

20,000 lb. load frame and an MTS 458.2 MicroConsoIe™ for control and signal 

conditioning. The system is capable of performing data acquisition on four (4) channels 

{load, stroke, strain and strain). A 386 desktop computer running MTS Testlink™ data 

acquisition software was connected to a testlink interface which, in turn, was connected 

T\l 
to the MicroConsole . Once initialized, the computer controlled all test functions and 

data acquisition. During each test, data from each of the four (4) channels was recorded 

in one (1) second intervals and stored in a data file. 

Strain measurements were taken by a pair of MTS model 632.31 multiple gage 

length e.xtensometers, illusfrated in Figure 2.4. The extensometer's gage length is 

adjustable from 0.50 in. to 2.00 in. in 0.50 in. increments. All tests were performed with 

the extensometers set to a gage length of 2.00 in. In compliance with ASTM standards, 

the extensometers are lightweight {42g) and have a low activation force {40g). The 

extensometer's travel limits are +0.20 in. to -0.10 in. Extensometer calibration is 

determined as a percentage of full travel at a specific gage length. For maximum 

sensitivity, each extensometer was calibrated for 10% of 0.10 inches travel at a gage 

length of 1.00 inches. This yields a maximum full scale value of +/-0.01 in./in. The 

extensometers, when converted to a 2.00 inch gage length, have a maximum full scale 
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value of +/-0.005 in/in., which corresponds to an analog reading of +/-10.0 volts, 

respectively. The maximum sensitivity, on a digital scale, was 0.0001 in.fin., as required 

by ASTM standards. 

The extensometers were mounted on opposite sides of the specimens ( back-to-

back) through the use of special wire forms and springs. Generally, the extensometers 

were positioned to measure strains along the major axis of the foam specimens. At each 

time interval, data from both extensometers were added together and averaged in order 

to eliminate the effects of any bending that may be present in the specimen. In the case 

of the shear specimens, back-to-back strain measurements were taken on the tension 

diagonal as well as the compression diagonal. 

/ 
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Figure 2.4 MTS Extensometer 
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Compression Test Setup 

The test setup and procedures outlined in ASTM C 365 - 57 were adhered to 

during all compression testing. The test fixture, illustrated in Figure 2.5, consists of an 

upper compression platen, a compression specimen, a self-aligning spherical bearing 

block, and a lower compression platen. The upper compression platen contained a 

central threaded opening and was attached to the force transducer, which in turn, was 

attached to the moveable cross-head of the MTS load frame. In a similar manner, the 

larger, lower compression platen was attached to the hydraulic actuator. The spherical 

bearing block, which sat on the lower compression platen, was used to provide uniform 

distribution of loading over the specimen's lower compression surface. Both the upper 

and lower compression platens contained a centering ring to ensure proper a.\ial 

alignment of the bearing block and the specimen. 

The attachment of the extensometers to the compression specimen is also shown 

in Figure 2.5. Special wire forms and springs were used to attach the extensometers to 

opposite sides of the specimen. To do so, two (2) extension springs were placed on each 

wire form. The open distance between the wire form ends was slightly smaller than the 

width of the specimen, allowing each form to slightly grip the specimen. After 

positioning all four (4) wire forms, the extensometers were held in place by the 

extension springs. To ensure accurate strain measurements, both extensometers were 

aligned with the longitudinal axis of the specimen and centered on the width and length 

of each face. 



SPECIMEN WIRE FORM 
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TOP VIEW 
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Figure 2.5 Compression Test Setup 

Poisson's Ratio Test Setup 
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The test setup, shown in Figure 2.6, was utilized for all Poisson' s ratio tests. The 

configuration is essentially the same as the compression test setup with the exception of 

the location of the extensometers. The extensometers were positioned perpendicular to 
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the longitudinal axis of the specimen in order to measure lateral strains. Using the same 

wire forms and springs as with the compression test, the extensometers were centered on 

the width and length of each face. 

UPPER COMPRESSION 
PLATEN 

MTS MODEL 632.31 
EXTENSOMETER 

SPHERICAL BEARING 

LOWER COMPRESSION 
PLATEN 

Figure 2.6 Poisson's Ratio Test Setup 

Tension Test Setup 

12.94 

As detailed earlier in this chapter, ASTM standards do not adequately address the 

detennination of tensile properties of cellular foam materials. However, many of the 

recommendations and procedures established in ASTM C 365 -57 were applicable and 

used during the tension tests. The test setup, detailed in Figure 2.7, consists of a tension 

specimen bonded to two (2) end caps, two (2) threaded adapters and two (2) quick 

release pins with ball detents. Each adapter contained a threaded opening for 

attachment to the force transducer or the hydraulic actuator and a cylindrical opening to 
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accept the specimen end cap. Stainless steel end caps, manufactured to the 

specifications shown in Figure 2. 8, were bonded to the ends of each specimen. The end 

cap design included a square recessed area to allow the end of the specimen and the cap 

to overlap 0.125 in. The overlap was added to ensure an effective bond layer between 

the end of the specimen and the end cap. 

13.25 

THREADED ADAPTER 

MTS MODEL 632.31 
EXTENSOMETER 

SPECIMEN END CAP 

Figure 2. 7 Tension Test Setup 

3M Scotch-Weld 2214 Regular epoxy was used to bond the end caps to the 

specimen ends. Scotch-Weld 2214 Regular is a one-part epoxy with a paste consistency. 

The 2214 epoxy offers excellent mechanical properties with equal T-Peel Strength and 

improved Overlap Shear Strength when compared to many two-part epoxies. In 

addition, the paste consistency proved to be easy to use and provided good control over 
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the bond layer thickness. Like most one-part epoxies, 2214 requires heat for curing. 

Cure times, however, are significantly reduced with heat, with the average cure time 

being thirty to forty-five minutes at 350° F. 

The bonding procedure began by applying a thin layer of 2214 epo.xy to the 

recessed area of each end cap. The epoxy being a paste consistency was best applied by 

using a tongue depressor. An epoxy layer, approximately 0.03 in. thick, was applied and 

completely covered the bottom and sides of the recessed area of each end cap. Epoxy 

was then applied to the ends of the tension specimen. The epoxy bond layer was 

allowed to overlap onto the sides of the spjecimen approximately 0.125 inches. The 

thickness of the bond layer was controlled by forcing the epo.xy into the pores of the 

specimen. The bond layer for most specimens was 0.06 - 0.13 inches in thickness. 

Although, there is no rule concerning bond layer thickness, the thickness must be 

adequate to ensure bonding to the foam system and not the machined surface. The 

machined surface is typically irregular and it's prof)erties do not represent those of the 

foam system. To complete the procedure, the end caps were aligned and inserted onto 

the ends of the specimen. The alignment fixture, shown in Figure 2.9, was used during 

the bonding process to ensure proper aligtmient of the specimen with the end caps. All 

tension specimen assemblies were cured in the alignment fixture at a temperature of 

350° F. for approximately thirty minutes. When cured, the specimen assembly was 

pinned to the threaded adapters, which were used to attach the complete specimen 

assembly to the MTS 810 test system. 
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The extensometers were attached to the specimen with extension springs only. 

Special wire forms were not required with the tension specimens, due to the narrow 

specimen width. However, as with the compression specimens, the extensometers were 

aligned with the major axis of the specimen and centered along its width and length. 

Shear Test Setup 

The test fixture, detailed in Figure 2.10, was utilized for all shear tests. The 

assembly shown is the picture-frame shear panel fixture which The University of 

Arizona has used successfully in the past. The fixture design, discussed by Stone (1989) 

in detail, basically consist of four (4) load beams, two (2) tension bars, and two (2) 

threaded adapters. The four (4) load beams (2 inner beams and 2 outer beams) are 

designed such that each end of each beam forms one portion of a precision clevis joint. 

When assembled, the beams form a square shear area which is rotationally free at each 

comer. At opposite comers, the fixture is equipped with a tension bar which fits into the 

clevis assembly and is pinned at the joint. A threaded adapter is pinned to each bar to 

complete the assembly and provide a means of attachment to the MTS 810 test system. 

The original test fixtures were modified to provide a means of attachment for the 

extensometers. A #6-32 threaded hole was added to each side of each load beam. 

Custom spring retainers, as shown in Figure 2.10, were positioned perpendicular to the 

load beams and secured with cap screws. Extension springs, which were attached to the 

spring retainers, held the extensometers in place. Also, as illustrated in Figure 2.10, the 
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extensometers could be aligned with either the tension diagonal or the compression 

diagonal of the shear specimen. Although illustrated in this way, actual tests were 

performed with both extensometers aligned with either the tension diagonal or the 

compression diagonal. In each case, the extensometers were centered along the width 

and length of the specimen. 

20.41 

0 

0 

THREADED ADAPTER DETENTPIN 

Figure 2.10 Shear Test Setup 

MTS MODEL 632.31 
EXTENSOMETER 

SHEAR SPECIMEN 

To ensure proper load transfer, the shear specimen must be bonded to the fixture 

load beams. To do so, required separating the fixture into two (2) halves along the 

tension diagonal. Similar to the procedure described for the tension test setup, a thin 

layer of 3M Scotch-Weld 2214 Regular epoxy was applied to the load plates of each half 

of the fixture. The epoxy layer was approximately 0.03 inches in thickness and 
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completely covered the load plates. Epoxy was then applied to two (2) edges of the 

specimen. Likewise, the thickness of the bond layer was controlled by forcing the efjoxy 

into the pores of the specimen. The bond layer was typically 0.06 - 0.13 inches in 

thickness and uniformly covered the specimen edges. The specimen was then 

positioned against the load plates of one-half of the assembly. After squaring the load 

beams with the specimen edges, epoxy was applied to the other two (2) edges of the 

specimen. The remaining half of the fixture was added and the joints pinned together. 

To ensure the fixture assembly remained square during curing, a plate containing two (2) 

holes spaced at the exact diagonal dimension was positioned across the tension diagonal. 

Each specimen was cured in the shear fixture at a temperature of 350" for approximately 

forty-five minutes. After curing and cooling, the diagonal plate was removed and the 

extensometer mounting hardware was added to the fixture assembly. 

Equipment Setup 

The MTS 810 test system is a powerful, flexible system for materials testing 

applications. Control, measurement and monitoring functions are provided by the 

458.20 MicroConsole™. The base unit of the MicroConsole™ controls all hydraulic 

ftinctions and is equipped with a digital display and counter, a peak-to-valley readout 

and various indicators for limit detection, underpeak detection and interiocks detection. 

Adjacent to the base unit are the system controllers and the MicroProfiler™. One (1) AC 

controller is used for the hydraulic actuator displacement control and signal 

conditioning, while three (3) DC controllers are used for load and strain control and 
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signal conditioning. Each controller is calibrated with removable range cartridges. The 

MicroProfiler™ is a high resolution programmable waveform generator capable of 

storing multiple test programs. 

Due to sophistication of the MTS system, proper equipment setup and calibration 

is imperative for accurate results. The load frame was originally equipped with a 20,000 

pound force transducer {load cell). Prior to testing, the calibration on this cell was 

rechecked at 10,000 pounds and at 20,000 pounds. Additionally, a new 5,000 pound 

load cell was added to the load frame and piggybacked onto the original load cell. This 

cell was calibrated at 5,000 pounds and at 1,000 pounds. All load cell calibrations were 

performed by an authorized MTS service representative. 

The MTS 632.31 extensometers, described earlier in this chapter, were 

purchased new exclusively for the foam material test program. Extensometer calibration 

was performed at the factory, prior to shipment. A calibrated range cartridge was 

provided with each extensometer, as well as, a calibration report. 

As previously mentioned, proper setup is critical with the MTS test system. The 

MTS operation manual recommends that the system be tuned to the material 

characteristics prior to initiating a test program. Tuning {servo control loop adjustment) 

minimizes the error between the system command and the transducer feedback so that 

the system's response does not lag the command sequence. Depending on the control 

method, the tuning process involves applying a load or stroke process, typically a square 

wave, to a sample of the material to be tested and monitoring the output signal, at the 
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appropriate conditioner, on an oscilloscope. For the foam material tests, the DC load 

conditioner was tuned to a square wave force process controlled by the MicroProfiler 

The load conditioner's Gain (P), Rate (D), and Reset (I) controls were adjusted slightly 

to achieve a square wave response on the oscilloscope. Although tuning is e.xtremely 

important in cyclic testing, it is not as critical with single ramp tension or compression 

tests. 

Since foam materials can be fragile, load control was the control method used for 

all foam material tests. Most ASTM standards reference displacement control 

{crosshead movement), which is the only control method on many material testing 

machines. The MTS system, however, is capable of controlling the test by load, stroke 

or strain. Due to the nature of the tests being performed, MTS technical personnel 

recommended controlling the specimen load and monitoring the stroke and strain 

channels. As indicated by the test output file presented later in this chapter, load 

control, for all practical purposes, provides a uniform rate of cross head movement. 

As recommended by MTS, the MicroConsole™ was allowed to warm-up for 

several hours prior to all tests, to ensure stability of the electronic components,. This is 

particularly important for the load cell, which generates feedback signals to the servo 

control loop. Additionally, the hydraulics were warmed up prior to all tests. The 

MicroConsole~ was switched to stroke control and a cyclic ramp waveform was input 

from the Testlink~ control software to cycle the hydraulic actuator -r/-0.75 inches for a 

minimum of 250 cycles. 
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Test Procedures 

Upon completion of the warm-up and setup procedures, the MicroConsole was 

switched to load control and the test sequence initiated. The hydraulic actuator was 

positioned at a "Set Point" setting of approximately 50% and the crosshead positioned at 

a height appropriate for the test fixture. Prior to completing the fixture installation, the 

load cell conditioner was zeroed for the weight of the test fixture supported by the load 

cell. The fixture installation was then completed and a slight preload {compressiun or 

tension) force applied to the specimen. The preload force, typically ten to twent\' 

pounds, was required to remove all clearance from the fixture assemblies. Generally, 

the extensometers were mounted on the specimen prior to installing the specimen or 

specimen assembly into the fixture assembly. The extensometer mounting was 

rechecked and the leads were connected to the strain conditioner cables. Finally, each 

extensometer's zero set pin was removed and the strain conditioners zeroed. 

All test functions were controlled by the Testlink™ software running on a 386 

desktop computer. The software requires user input in three (3) categories; test 

parameters, function generator, and data acquisition. The major user defined inputs are 

the control mode, the waveform, the waveform endpoints, the frequency and the data 

storage increment. All foam testing was performed in load control with a single ramp 

waveform. The initial endpoint, Endlevel 1, was always set to zero (0), while Endlevel 2 

varied depending on the test. The second endpoint, Endlevel 2, was ptositive for tensile 

load and negative for a compressive load. The frequency, the rate of application of load. 
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is specified as a percent of the transducer's full scale value and varied depending on the 

test being performed. The load application rate, however, was set such that the actuator 

movement complied with ASTM recommendations for crosshead movement. Data 

acquisition storage was set at a one (1) second increment. 

After inputting the test parameters, each specimen was slightly loaded and each 

extensometer's output monitored at the MicroConsole™. Typically, both extensometers 

indicated strain measurements with the application of load with only a slight difference 

between the strain measurements. However, if the strain indications varied significantly, 

the fixture position or the specimen position was adjusted slightly and the strain 

measurements rechecked. Generally, this process was repeated until the two (2) strain 

measurements tracked fairly consistently. 

To ensure data accuracy, each specimen was loaded and unloaded multiple 

times. Initially, the specimens were loaded to conservative maximum loads, which were 

progressively increased, until a sufficient number of data points was obtained or an 

approximate yield point was established for each density range. An MTS data file was 

created and saved at the end of each load cycle. An example of the MTS data file is 

shown in Figure 2.11. The data columns represent current cycle, time, load, strain, 

stroke, and strain, respectively. As shown in Figure 2.11, channel data was collected at 

1.0 second intervals and the load increment was approximately 17.5 pounds ( 0.35% of 

5000 pounds). 
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DATE; 01-21 -1996 
TIME; 11;33 24 
File Name st8I5-1 
File Appended 
CONTROL MODE Load WAVEFORM Ramp - Single FREQ/RATE .35 

FULL SCALE 5000 .005 .5 .005 
UNITS Pounds In/In Inches In/In 

Current Cycle; TIME; Channel Data: 

0 Il;33;24.79 26.9 0.0000 0.0000 0.0000 
0 11;33;25.84 43.9 0.0000 0.0002 0.0000 
0 11;33;26.88 63.5 0.0000 0.0007 0.0000 
0 11;33;27.92 80.6 0.0000 0.0010 0.0001 
0 11;33;28.97 97.7 0.0000 0.0012 0.0001 
0 U;33;30.01 117.2 0.0000 0.0015 0.0001 
0 11;33;31.05 134.3 0.0000 0.0017 0.0001 
0 11;33;32.10 153.8 0.0000 0.0020 0.0001 
0 11:33.33.20 173.3 0.0001 0.0022 0.0001 
0 11:33:34.24 190.4 0.0001 0.0024 0.0001 
0 11:33:35.34 210.0 0.0001 0.0027 0.0001 
0 11:33:36.38 229.5 0.0001 0.0027 0.0001 
0 11:33:37.43 246.6 0.0001 0.0029 0.0001 
0 11:33:38.52 266.1 0.0001 0.0032 0.0002 
0 11:33:39.57 283.2 0.0001 0.0034 0.0002 
0 11:33:40.61 302.7 0.0001 0.0037 0.0002 
0 11:33:41.71 319.8 0.0001 0.0037 0.0002 
0 11:33:42.75 339.4 0.0001 0.0039 0.0002 
0 11:33:43.80 356.4 0.0001 0.0042 0.0002 
0 11:33:44.90 376.0 0.0001 0.0042 0.0002 
0 11:33:45.94 393.1 0.0001 0.0044 0.0002 
0 11:33:46.98 412.6 0.0002 0.0044 0.0002 
0 11:33:48.08 429.7 0.0002 0.0046 0.0002 
0 11:33:49.12 449.2 0.0002 0.0046 0.0003 
0 11:33:50.17 468.8 0.0002 0.0051 0.0003 
0 11:33:51.21 485.8 0.0002 0.0051 0.0003 
0 11:33:52.26 505.4 0.0002 0.0054 0.0003 

Figure 2.11 MTS Data File 
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Immediately upon completion of the loading cycle, the Testlink program was 

closed and the first of two (2) Fortran programs initiated. The first Fortran program, 

Matltest, was utilized to convert the data collected from Testlink™ into a more usable 

format and create the plot files required for modulus determination. Execution of this 

program required several user-defined inputs. The user was prompted for the type of 

test that had been performed and the specimen's dimensional data. Nominal specimen 

dimensions were used in all cases. Following the input, the Matltest program opened the 

TW 
Testlink data file and created an output file and a plot file. At each time increment, the 

specimen stress and average strain was computed and the values written in the output 

file. In the case of a shear test, the shear stress was determined from the load on the 

tension diagonal and the average shear strain was determined fi^om either the strain on 

the tension diagonal or the strain on the compression diagonal. The Matltest program 

output file, which corresponds to the Testlink™ data file detailed in the previous figure, 

is shown in Figure 2.12. The axial stress and the average strain are computed at each 

load increment. It should be noted that the average strain does not change with each 

load increment. To eliminate stair-stepped data and improper modulus determination, 

data points were written to the plot file only when the average a.\ial strain value 

changed. For this example, six (6) data points were written in the corresponding plot 

file at load values of 0.0, 80.6, 173.3, 266.1, 412.6, and 449.2 pounds, respectively. 

Based on the total actuator displacement and the total elapsed time, the average rate of 

actuator movement was computed and presented at the end of each output file. 



*•'* Material Test Program Output 
Test Specifications 

Test Type: Tension 
Test Date: 01-21-1996 
Test Time: 11:33:24 
Input File Same: st815-l 
Sped men Width = 1.505 
Specimen Thickness = 1.507 
Cross -sectional Area = 2.268 

SPECIMEN SPECIMEN ACTUATOR SPECIMEN SPECIMEN AVERAGE STRAIN 
PuiXhL AXIAL DISPLACEMENT STRAIN STRAIN AXIAL BASED ON 

LOAD STRESS CHANNEL CHANNEL STRAIN DISPLACEMENT 
#1 #2 

26.9 11.36 .000 .0000 .0000 .00000 .00000 

43.9 19.36 .000 .0000 .0000 .00000 .00004 
63.5 23 .00 .001 .0000 .0000 .00000 .00013 
SO.6 35.54 .001 .0000 .0001 .00005 .00013 
91.1 43.03 .001 .0000 .0001 .00005 . 00022 
117.2 51.67 .002 .0000 .0001 .00005 .00027 
134.3 59.21 .002 .0000 .0001 .00005 .00031 
153.S 67.31 .002 .0000 .0001 .00005 .00037 

173.3 76.41 .002 .0001 .0001 .00010 .00040 
190.4 33.95 .002 .0001 .0001 .00010 .00044 
210.0 92 .59 .003 .0001 .0001 .00010 .00049 
229.5 101.19 .003 .0001 .0001 .00010 .00045 
246.6 103 .73 .003 .0001 .0001 .00010 .00053 
266.1 117.33 .003 .0001 .0002 .00015 .00059 
233 .2 124 .37 .003 .0001 .0002 .00015 .00062 
302.7 133.4 6 .004 .0001 .0002 .00015 .00063 
319.3 141.00 .004 .0001 .0002 .00015 .00063 
339.4 149.64 .004 .0001 .0002 .00015 .00071 
356.4 157.14 .004 .0001 .0002 .00015 .00077 
376.0 165.73 .004 .0001 .0002 .00015 .00077 

412.6 181.92 .004 .0002 .0002 .00020 .00030 
429.7 139.46 .005 .0002 .0002 .00020 .00034 
449.2 198.06 .005 .0002 .0003 .00025 .00034 
468.3 206.70 .005 .0002 .0003 .00025 .00093 
485.8 214.19 .005 .0002 .0003 .00025 .00093 
505.4 222 .34 .005 .0002 .0003 .00025 .00059 

Average Rate of Actuator Movement = .0120 in./min. 

Figure 2.12 Matltest Program Output 

Strain values based on the actuator's displacement are presented in the last 

column of the Matltest program output file. These values are presented for illustrative 

purposes only and have no value other than as an estimate of the error associated with 

measuring strains in this manner. ASTM standards recommend the use of strain 
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measurement devices, such as extensometers or strain gages, mounted on the specimen 

for strain measurements. Measurement of actuator or cross head displacement to obtain 

strains is not as accurate nor exactly comparable to strains measured on the specimen. 

Such measurements of total actuator displacement interpreted as strains lead to modulii 

values having considerable variation. As shown in Figure 2.12, the total strain based on 

actuator displacement is nearly four (4) times greater than the average strain measured 

on the specimen. 

Next, a multiple curve fitting program was utilized to determine and plot the 

slope of the best fit line through the stress-strain data points calculated by the Matltest 

program. The program is a Fortran version of "Curve Fitting For Programmable 

Calculators" by William M. Kolb and has the capability of fitting nineteen (19) different 

curves to the X,Y data points. Any one of the nineteen (19) curves may be selected and 

used independently or the best fit option may be utilized. The best fit option evaluates 

the data points for each curve option and ranks the curves in descending order based on 

the coefficient of determination {goodness of fit). Option one {linear curve) of the curve 

fitting program was selected in each case to evaluate the stress-strain data points and 

determine the coefficients for the equation of the best fit linear line. The equation is of 

the form (y = a + bx), where b is the slope of the line and the value of the tension, 

compression or shear modulus. A data plot and the program output for the previous 

example is shown in Figure 2.13. The output includes a listing of the actual data points, 

fitted data jxjints and the fit error, as well as the coefficients for the best fit linear line. 
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As mentioned earlier, each specimen was loaded and unloaded multiple times to 

ensure accuracy of the data. The entire test procedure was repeated for each specimen 

load cycle. In each case, the stress-strain plot was reviewed for evidence of yielding and 

the modulus recorded. In most cases, the extensometers returned to zero indicating that 

yielding had not occurred. 

The compression specimens were typically loaded and unloaded a minimum of 

four (4) times to a maximum compressive force of 5000 lbs. At this force, the specimen 

stress was approximately -550 Ibs./in." and the average strain ranged from -0.0005 in./in. 

to -O.OOll in./in. depending on the specimen's density. Additionally, the same 

compression specimens were utilized for the Poisson's ratio tests. During these tests, 

the specimens were loaded and unloaded a minimum of four (4) additional times to a 

maximum compressive force of 7000 lbs. to 9500 lbs. depending on the specimen's 

density. The higher density specimens required higher loads to obtain an average lateral 

strain reading of at least 0.0003 in./in. At this force, the compressive stress ranged from 

-754 Ibs./in." to -1024 Ibs./in." and the average lateral strain ranged from 0.0003 in./in. to 

0.0004 in./in. Upon completion of the Poisson's ratio tests, each specimen was re-tested 

in compression. The load range was increased and each specimen was loaded well into 

the non-linear range or to failure. 

The tension specimens were loaded and unloaded a minimum of four (4) times to 

ensure accurate stress-strain data throughout the linear range. The 10% relative density 

specimens were loaded to a maximum tensile force of 700 lbs. to 900 lbs., while the 
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20% density specimens were all loaded to a maximum force of 1500 lbs. The stress 

ranged from 313 to 409 Ibs./in." for the 10% density specimens and was approximately 

660 Ibs./in." for the 20% density specimens. These loads produced an average axial 

strain of 0.0007 in./in. to 0.0009 in./in. in each specimen. These strains appeared to be 

the maximum allowable for a linear stress-strain relationship. Finally, the load range 

was increased and each specimen was loaded to fracture. 

The shear test fixture, previously shown in Figure 2.10, was designed such that 

the extensometers could be aligned with either the tension diagonal or the compression 

diagonal. Each specimen was loaded and unloaded a minimum of four (4) times with 

both extensometers mounted back-to-back on the tension diagonal. The test was then 

repeated with the extensometers mounted back-to-back on the compression diagonal. In 

both cases, the extensometers were centered in the shear panel. The shear specimens 

were loaded to a maximum tension force of 1000 lbs. to 1550 lbs. depending on density 

and the diagonal being tested. This corresponds to a shear stress range of 117 Ibs./in" to 

177 Ibs./in.". The average shear strain, which is numerically equal to twice the strain on 

the tension or compression diagonal, varied significantly depending on the density and 

the diagonal being tested. The shear strain for the tension diagonal varied between 

0.0005 radians and 0.0011 radians and for the compression diagonal between -0.0004 

and -0.0010 radians. For each specimen, the shear strain on the compression diagonal 

was always less than the shear strain on the tension diagonal. 

Finally, for each specimen, the plot data from each test was combined into a 

single data file and input into the curve fitting program. A best fit line was then plotted 
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through the combined data and the modulus determined. Since material properties for 

cellular foams are generally described in terms of the relative density (the density of the 

foam divided by the density of the solid parent material) and the relative modulii {the 

modulii of the foam divided by the elastic modulus of the parent solid material), all data 

was converted to dimensionless units and plotted. The data reduction method, as well as 

the test results, will be presented in detail in Chapter 3. 



61 

CHAPTER 3 

TEST RESULTS 

I COMPRESSION TEST RESULTS 

The SXA specimens, in general, performed very well in all the tests. The 

compression test was the simplest to perform because no specimen preparation was 

required. Although the strain values were small, a large number of data points were 

obtained per loading cycle and an excellent fit was established with a linear line. In 

each case, the multiple curve fit program was used to find the parameters of the best fit 

curve. The "b" parameter is the slope of the best fit line and is equal to the elastic 

modulus of the specimen. The parameters "RR" and "RC" are coefficients that 

represent the goodness of fit. The goodness of fit was excellent for all the compression 

specimens. The physical data for each compression specimen is presented in Table 3.1 

and the individual test results are presented in Table 3.2. For each specimen, the data 

points from each test were combined into a single data file and the best fit linear line 

determined. The best linear line through the combined data is compared with the mean 

of the individual tests for each specimen in Table 3.3. A plot of the combined 

compression test results for each specimen is presented in Appendix A. Additionally, 

proportional limit data for each specimen is presented in Table 3.4. It should be noted 

that the proportional limit data, presented in Table 3.4, were established visually from 

the stress-strain diagrams. Plots of the complete stress-strain diagrams are also 

presented in Appendix A. 
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SXA Specimen Data 

Specimen Weight Width Thick- Length Volume Density Relative 
No. (lbs) (in) ness (in) (in3

) (lbs/in3
) Density 

(in) (%) 

SC1 0.5841 3.026 2.995 5.477 49.628 - 0.0118 11.19 
SC2 0.6662 3.004 3006 5.482 49.499 0.0135 12.80 
SC3 0.5906 3.001 3.006 5.492 49.541 0.0119 11.34 
SC4 0.6737 2.990 3.004 5.485 49.263 0.0137 13.01 
SCs 0.6313 3.006 2.997 5.484 49.411 0.0128 12.15 
sc6 0.8103 3.005 3.005 5.492 49.580 0.0163 15.54 
SC1 0.9539 3.004 2.994 5.517 49.623 0.0192 18.28 
SCs 0.8435 3.000 3.004 5.488 49.459 0.0171 16.22 
SC9 0.9763 2.993 3.009 5.487 49.419 0.0198 18.79 
SC10 0.8810 3.029 3.136 5.569 52.898 0.0167 15.84 

Table 3.1 Compression Specimen Data 

SXA Test Results 

Specimen Relative Elastic Modulus 
No. Density (psi) 

(%) Test 1 Test2 Test 3 Test4 
SC1 11.19 537200 540400 549600 558500 
SC2 12.80 633800 666900 662000 654400 
SC3 11.34 624800 684400 679400 684400 
SC4 13.01 638100 678400 682900 679000 
SCs 12.15 469300 489000 493800 492700 
sc6 15.54 648300 673400 678600 678400 
SC1 18.28 811000 863500 860600 863000 
SCs 16.22 666700 744300 751600 748300 
SC9 18.79 817300 880200 879900 873200 
SC10 15.84 948700 963900 961500 957700 

Table 3.2 Individual Compression Test Results 
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SXA Results Comparison 

Specimen Relative Elastic Modulus Elastic Modulus Elastic Modulus 
No. Density Test Mean Test Std. Deviation Combined Data 

(%) (psi) (psi) (psi) 

SC1 11.19 546425 9614 - 543700 
SC2 12.80 654275 14587 656800 
SC3 11.34 668250 29062 672000 
SC4 13.01 669600 21095 670900 
SCs 12.15 486200 11452 491000 
sc6 15.54 669675 14452 668300 
SC1 18.28 849525 25715 849500 
SC8 16.22 727725 40793 713700 
SC9 18.79 862650 30406 853100 
SC10 15.84 957950 6674 956600 

Table 3.3 Compression Test Results Comparison 

Proportional Limit Data 

Specimen Relative Proportional Limit 
No. Density Stress Strain 

(%) (psi) (in/in) 
SC1 11.19 642 0.00120 
SC2 12.80 990 0.00155 
SC3 11.34 763 0.00115 
SC4 13.01 769 0.00115 
SCs 12.15 666 0.00140 
sc6 15.54 824 0.00125 
SC1 18.28 932 0.00115 
SC8 16.22 944 0.00130 
SC9 18.79 1147 0.00130 
SC10 15.84 1038 0.00115 

Table 3.4 Compression Specimen Proportional Limit Data 
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II POISSON'S RATIO TEST RESULTS 

The compression specimens performed reasonably well when tested for 

Poisson's ratio. As described earlier, each compression specimen was re-tested with the 

extensometers positioned to measure lateral strains when subjected to an axial 

compressive load. The combined data for each specimen was developed and the best fit 

linear line plotted. A plot for each spjecimen is presented in Appendix B. The slope {h 

parameter) is again the elastic modulus of the specimen, but in this case, is the ratio of 

axial stress and lateral strain. Poisson's ratio, however, is the negative ratio of axial 

strain to lateral strain and is expressed as follows: 

U = -^ (3.1) 
SL 

where: 

V = Poisson's Ratio 

EA = Axial strain 

8l = Lateral strain 

The linear relationship between axial stress and axial strain for a specimen in 

simple tension or compression can be expressed by the equation: 

And in the case of the foam specimens: 
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and 

where: 

Qc = Compressive stress 

EA = Modulus of elasticity determined from compression test 

EL = Modulus of elasticity determined from Poisson's ratio test 

Substituting Equations 3.3 and 3.4 into Equation 3.1 yields: 

Equation 3.5 shows that Poisson's ratio can be expressed as the negative ratio of 

the elastic modulus, EA, and the elastic modulus. EL- The elastic modulus, EA, is a 

positive number since both the stress and the strain are negative. The elastic modulus. 

EL, is negative because the stress is negative and the strain is positive. Therefore, 

Poisson's ratio will be a positive number. 

It was more difficult to obtain strain data from the compression specimens when 

tested for Poisson's ratio. However, a sufficient number of data points were obtained by 

increasing the test loads. The individual test results for the lateral elastic modulus. EL. 

are presented in Table 3.5 and a results comparison is presented in Table 3.6. Using the 

combined data results for EL from Table 3.6 and the combined data results for EA from 

Table 3.3, Poisson's ratio was determined for each specimen. The results for Poisson's 

ratio are presented in Table 3.7. 
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S.KA Test Results 

Specimen Relative Lateral Elastic Modulus 
No. Density (psi) 

(%) Test 1 Test2 Test3 Test4 
SC1 11.19 2070000 1988000 2019000 1934000 
SC2 12.80 2188000 2144000 2184000 2222000 
SC3 11.34 1962000 2008000 2037000 2035000 
SC4 13.01 2218000 2217000 2225000 2214000 
SCs 12.15 1991000 2157000 2157000 2140000 
sc6 15.54 2818000 2705000 2705000 2722000 
SC1 18.28 2554000 2770000 2691000 2710000 
SCs 16.22 2978000 2946000 3066000 3070000 
SC9 18.79 3156000 3588000 3552000 3044000 
SC10 15.84 2634000 2667000 2774000 2921000 

Table 3.5 Poisson's Ratio Individual Test Results 

S.KA Results Comparison 

Specimen Relative Elastic Modulus Elastic Modulus Elastic Modulus 
No. Density Test Mean Test Std. Deviation Combined Data 

(%) (psi) (psi) (psi) 
SC1 11.19 2002750 56952 1970000 
SC2 12.80 2184500 31932 2185000 
SC3 11.34 2010500 34933 2004000 
SC4 13.01 2218500 4655 2128000 
SCs 12.15 2111250 80566 2133000 
sc6 15.54 2737500 54262 2726000 
SC1 18.28 2681250 91270 2661000 
SCs 16.22 3015000 62599 3022000 
SC9 18.79 3335000 275572 3227000 
SC10 15.84 2749000 129303 2731000 

Table 3.6 Poisson's Ratio Results Comparison 
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SX4 Tests Results 

Specimen Relative EA El Poisson's Ratio 
No. Density Elastic Modulus Elastic Modulus V = Ea/El 

(%) (psi) (psi) 
SC, 11.19 543700 1970000 .276 
SC: 12.80 656800 2185000 .301 
SC3 11.34 672000 2004000 .335 
SC4 13.01 670900 2128000 .315 
SC5 12.15 491000 2133000 .230 
SQ 15.54 668300 2726000 .245 
SC7 18.28 849500 2661000 .319 
SCg 16.22 713700 3022000 .236 
SC9 18.79 853100 3227000 .264 
SCio 15.84 956600 2731000 .350 

Table 3.7 Poisson's Ratio Results 

III TENSION TEST RESULTS 

The tension specimens also performed well and a large number of data points 

were obtained. In general, the stress range and the strain range were comparable to the 

compression tests. As stated in the previous chapter, each specimen was loaded and 

unloaded four (4) times to ensure accurate strain measurements. Finally, each specimen 

was loaded to fracture and the stress-strain diagram plotted. Nine (9) of the ten (10) 

specimens fractured between the bonded head caps. Only one (1) specimen {specimen 

no. 4) failed at the bond layer, indicating that the bond layer was adequate for the 

specimen size. The physical data for each tension specimen is presented in Table 3.8. 

Likewise, the individual test results and the results comparison are presented in Tables 

3.9 and 3.10, respectively. Proportional limit and fracture data are presented in Table 

3.11. It should be noted that the proportional limit data, presented in Table 3.11, was 
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established visually from the stress-strain diagrams. Plots of the combined data results 

and of the complete stress-strain diagrams are presented in Appendix C. 

SXA Specimen Data 

Specimen Weight Width Thick- Length Volume Density Relative 
No. ' (lbs) I (in) ness (in) (in3

) (lbs/in3
) Density 

(in) (%) 
ST1 .1302 1.495 1.499 5.493 12.306 .01058 10.06 
ST2 .1395 1.498 1.505 5.489 12.369 .01 128 10.72 
ST3 .1319 1.494 1.503 5.492 12.332 .01069 10.17 
ST4 .1532 1.491 1.503 5.510 12.347 .01241 11.80 
STs .1374 1.503 1.498 5.502 12.386 .01109 10.55 
ST6 .2508 1.504 1.502 5.493 12.404 .02022 19.23 
ST1 .2408 1.507 1.503 5.483 12.412 .01940 18.45 
STs .2499 1.505 1.507 5.470 12.400 .02016 19.17 
ST9 .2781 1.504 1.492 5.494 12.320 .02257 21.46 
ST10 .2452 1.506 1.500 5.511 12.449 .01969 18.73 

Table 3.8 Tension Specimen Data 

SXA Test Results 

Specimen Relative Elastic Modulus 
No. Density (psi) 

(%) Test 1 Test2 Test3 Test4 Test 5 
ST1 10.06 454900 460900 465000 465300 464500 
ST2 10.72 426400 430700 436200 449400 446200 
ST3 10.17 397700 399000 398800 413800 402200 
ST4 11.80 483100 494900 516200 512300 511000 
STs 10.55 375400 382600 389000 387200 387700 
ST6 19.23 794200 815000 812000 811200 824500 
ST1 18.45 871500 826400 858800 844700 867700 
ST8 19.17 840200 860500 838700 844400 887300 
ST9 21.46 831700 845800 869600 851000 866500 
ST10 18.73 777000 782400 814700 798700 819100 

Table 3.9 Individual Tension Test Results 
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SXA Results Comparison 

Specimen Relative Elastic Modulus Elastic Modulus Elastic Modulus 
No. Density Test Mean Test Std. Deviation Combined Data 

(%) (psi) (psi) (psi) 

ST1 10.06 462120 4407 465700 
-

ST2 10.72 437780 9849 443000 
ST3 10.17 402300 6644 407800 
ST4 11.80 503500 14010 506600 
STs 10.55 384380 5571 387000 
ST6 19.23 811380 10964 818600 
ST1 18.45 853820 18473 855700 
STs 19.17 854220 20418 863400 
ST9 21.46 852920 15551 856900 
ST10 18.73 798380 18763 808800 

Table 3.10 Tension Test Results Comparison 

Proportional Limit and Fracture Data 

Specimen Relative Proportional Limit Fracture 
No. Density Stress Strain Stress Strain 

(%) (psi) (in/in) (psi) (in/in) 

ST1 10.06 391 0.00085 760 0.00195 
ST2 10.72 412 0.00090 863 0.00285 
ST3 10.17 428 0.00105 747 0.00305 
ST4 11.80 437 0.00085 * * 
STs 10.55 411 0.00105 777 0.00345 
ST6 19.23 652 0.00080 1177 0.00225 
ST1 18.45 674 0.00080 1514 0.00325 
STs 19.17 701 0.00080 1703 0.00430 
ST9 21.46 643 0.00075 1443 0.00305 
ST10 18.73 670 0.00080 1344 0.00280 

Table 3.11 Tension Specimen Proportional Limit and Fracture Data 
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IV SHEAR TEST RESULTS 

The shear specimens performed reasonably well but were the most difficult and 

time consuming to prepare. Due to the limited load capacity of the shear test fi-xture and 

the specimen shear stiffness, only a limited number of shear strain readings could be 

obtained. In some cases on the compression diagonal of the higher density specimens, 

only five (5) to six (6) data points could be recorded. No specimen failed during the 

shear test and in every case the elastic modulus determined from the tension diagonal 

was less than the elastic modulus determined from the compression diagonal. The shear 

specimen data is presented in Table 3.12. The individual test results and results 

comparisons for both the tension and the compression diagonal are presented in Tables 

3.13, 3.14, 3.15 and 3.16, respectively. Since the shear modulus determined from the 

compression diagonal was typically 20% - 30% higher than the modulus determined 

from the tension diagonal, the results were combined into a single data file and the best 

fit line determined. The combined data shear modulus results are presented in Table 

3.17. Plots of the tension diagonal, compression diagonal and combined data results are 

presented in Appendix D. 
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Shear Specimen Data 

Specimen Weight Width Thick- Length Volume Density Relative 
No. (lbs) (in) ness (in) (in3

) (lbs/in3) Density 
(in) (%) 

SS1 .2474 3.996 1.496 3.997 22.717 0.0109 10.36 
-

SS2 .2691 3.992 1.503 3.997 22.796 0.0118 11.23 
SS3 .1374 2.913 1.497 2.770 12.080 0.0114 10.82 
SS4 .2487 4.006 1.507 3.991 22.903 0.0109 10.33 
SSs .2591 3.997 1.505 3.994 22.839 0.0113 10.79 
SS6 .5048 3.985 1.508 3.989 22.786 0.0222 21.07 
SS1 .4162 3.977 1.501 3.978 22.563 0.0184 17.54 
SSs .4533 4.002 1.498 4.004 22.824 0.0199 18.89 
SS9 .4818 3.998 1.503 4.002 22.862 0.0211 20.04 
SS10 .4522 4.000 1.502 3.988 22.781 0.0194 18.48 

Table 3.12 Shear Specimen Data 

SXA Test Results 

Specimen Relative Tension Diagonal Shear Modulus 
No. Density (psi) 

(%) Test 1 Test2 Test3 Test4 
SS1 10.36 114000 118200 118700 118500 
SS2 11.23 112100 113400 113800 111700 
SS3 10.82 131100 133800 136800 140700 
SS4 10.33 100900 101700 100500 * 
SSs 10.79 159500 160200 157800 158800 
SS6 21.07 282200 273800 274300 276100 
SS1 17.54 285700 288900 290900 298000 
SSs 18.89 221500 222700 224900 221100 
SS9 20.04 248800 242800 239700 237600 
SS10 18.48 212700 214600 215700 216300 

Table 3.13 Shear Modulus (Tension Diagonal) Individual Test Results 
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S.xA Test Results Comparison 

Specimen Relative Shear Modulus Shear Modulus Shear Modulus 
No. Density Test Mean Test Std. Deviation Combined Data 

(%) (psi) (psi) (psi) 

SS1 10.36 117350 2243 117400 
-

SS2 11.23 112750 1008 112800 
SS3 10.82 135600 4121 136800 
SS4 10.33 101033 611 101100 
SSs 10.79 159075 1024 158700 
SS6 21.07 276600 3862 275300 
SS1 17.54 290875 5210 290900 
SSs 18.89 222550 1708 222500 
SS9 20.04 242225 4876 242200 
SS 10 18.48 214825 1582 214800 

Table 3.14 Shear Modulus (Tension Diagonal) Test Results Comparison 

S.xA Test Results 

Specimen Relative Compression Diagonal Shear Modulus 
No. Density (psi) 

(%) Test 1 Test2 Test 3 Test4 
SS1 10.36 139900 143900 145000 147600 
SS2 11.23 177700 174300 173300 181600 
SS3 10.82 165500 166000 163700 167800 
SS4 10.33 123000 127300 128300 * 
SSs 10.79 189900 191900 193200 191600 
SS6 21.07 391500 393800 379600 379600 
SS1 17.54 384400 385300 389000 391000 
SS8 18.89 288300 288500 298700 300800 
SS9 20.04 336000 332900 328900 343100 
SS10 18.48 299100 293800 297000 294700 

Table 3.15 Shear Modulus (Compression Diagonal) Individual Test Results 
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SXA Test Results Comparison 

Specimen Relative Shear Modulus Shear Modulus Shear Modulus 
No. Density Test Mean Test Std. Deviation Combined Data 

(%) (psi) (psi) (psi) 

SS1 10.36 144100 3201 144700 
-

SS2 11.23 176725 3756 178200 
SS3 10.82 165750 1686 165700 
SS4 10.33 126200 2816 126500 
SS5 10.79 191650 1358 191700 
SS6 21.07 386125 7593 383600 
SS1 17.54 387425 3105 387500 
SS8 18.89 294075 6609 293200 
SS9 20.04 335225 6001 334600 
SS10 18.48 296150 2384 296200 

Table 3.16 Shear Modulus (Compression Diagonal) Results Comparison 

SXA Test Results 

Specimen Relative Shear Modulus 
No. Density Combined Tension and Compression Data 

(%) (psi) . 

SS1 10.36 131400 
SS2 11.23 124900 
SS3 10.82 148400 
SS4 10.33 106500 
SSs 10.79 173700 
SS6 21.07 323800 
SS1 17.54 300700 
SS8 18.89 233100 
SS9 20.04 253800 
SS10 18.48 241200 

Table 3 .17 Shear Modulus Combined Data Results 
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V MODULII RELATIONSHIPS 

Since almost any material can be foamed and in many densities, it is of extreme 

importance to develop mathematically tractable equations to describe the mechanical 

properties of foamed materials. Generally, all that is known about the foamed material 

is the approximate pore size, the material properties of the parent material and its 

density. As detailed in Chapter I, Gibson and Ashby characterized the mechanical 

properties of foamed materials as a function of the relative density of the foamed 

material (the density of the foam divided by the density of the solid parent material) and 

the relative modulii ( the modulii of the foam divided by the elastic modulus of the solid 

parent material). These normalized parameters (relative modulii and relative densit\') 

offer a convenient way of expressing the mechanical properties of foamed materials. 

The modulii results presented herein utilize these parameters to characterize the 

mechanical projjerties of closed-cell SXA foam. 

It appears that the elastic modulus for the tension and compression tests are 

nearly the same. The elastic modulus results from the tension test are typically slightly 

less than those of the compression tests but follow the general curve. In order to 

establish a functional relationship between the elastic modulus and the density, the test 

data was normalized with respect to the parent material properties presented in Table 

2.1. The relative density was obtained by dividing the weight density of the foamed 

specimens by the weight density of the parent material. Likewise, the relative elastic 

modulus was obtained by dividing the elastic modulus of the foamed specimens by the 
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elastic modulus of the parent material. The relative elastic modulus results are 

presented in Table 3.18. A plot of the data of Table 3.18 is shown in Figure 3.1. The 

plot includes all data points, which are labeled for reference. 

Relative Modulus Results 
(Normalized Data Sorted By Relative Density) 

Specimen Relative Relative 
No. Density Elastic Modulus 

1, Pf .fu -
Ps Es 

ST1 .1006 .0282 
ST3 .1017 .0247 
STs .1055 .0235 
ST2 .1072 .0268 
SC1 .1119 .0330 
SC3 .1134 .0407 
ST4 .1180 .0307 
SCs .1215 .0298 
SC2 .1280 .0398 
SC4 .1301 .0407 
sc6 .1554 .0405 
SC10 .1584 .0580 
SCs .1622 .0433 
SC1 .1828 .0515 
ST1 .1 845 .0519 
ST10 .1 873 .0490 
SC9 .1879 .0517 
STs .1917 .0523 
ST6 .1923 .0496 
ST9 .2146 .0519 

Table 3 .18 Relative Elastic Modulus Results 
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~ T9 

0.22 0.21t 

a* X**b 

Due to the relationship between relative density and cell edge length and 

thickness, a power equation is generally used to describe the mechanical properties of 

cellular form. A best fit power curve was plotted through the data points and the 

parameters determined. The curve and its parameters are also presented in Figure 3 .1. 
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The goodness of fit is approximately 0.80 and is considered very good. Data point C k i  is 

the only data point that does not appear to represent the general trends of the data. 

Based on the combined tension and compression tests results. Equation 3.6 can be used 

to characterize the elastic modulus of foamed SXA specimens between 10% and 20°'o 

relative density. 

To date, most research indicates that Poisson's Ratio for foamed materials is 

solely a function of cell geometry and is indep)endent of density. The cell size varied 

substantially between samples and it appeared that some of the samples were from 

different lots. Typically, the cell size for both density ranges varied between 0.06 and 

0.13 inches, which is within published limits for SXA low density foam. 

Test results for the SXA compression specimens indicate that there is a slight 

correlation between Poisson's ratio and relative density. The normalized test results, 

sorted by relative density, are presented in Table 3.19 and a plot of Poisson's ratio as a 

function of relative density is presented in Figure 3.2. Again, a power equation was 

utilized and the best fit parameters determined. As shown in Figure 3.2, Poisson's ratio 

decreased slightly as the relative density increased. This correlation is confirmed in 

Chapter 4 where it is discussed in more detail. The goodness of fit parameters indicate 

that the equation does not fit the data. This is due to the scatter in the data, which is 

most likely the result of variations in cell geometry and strain measurement 

^ = 0.2741 
E. 

/ 9982 

Pr 3.6 
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inaccuracies. From a practical standpoint, this slight change in Poisson's ratio with 

density can be disregarded and the mean value used. For comparative purposes, the 

mean value of the test data (0.287) is also shown in Figure 3.2. The variation between 

the mean line and the best fit curve is negligible from a design standpoint. As shown in 

Chapter 4, other factors, such as cell geometry, have a more significant influence on 

Poisson's ratio. 

Poisson's Ratio Results 
(Normalized Density Sorted By Relative Density) 

Specimen Relative Poisson' s 
No. Density Ratio 

Pf V 
-

! Ps 
SC1 .1119 .276 
SC3 .1134 .335 
SCs .1215 .230 
SC2 .1280 .301 
SC4 .1301 .315 
sc6 .1554 .245 
SC10 .1584 .350 
SCs .1622 .236 
SC7 .1828 .319 
SC9 .1879 .264 

Table 3 .19 Poisson's Ratio Results 
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Similar to the development of the elastic modulus, the shear modulus of the foam 

is also characterized as a function of the relative density of the foam and the elastic 

modulus of the parent material. From this comes the term relative shear modulus, which 

is the shear modulus of the foam divided by the elastic modulus of the parent material. 
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Each of the combined shear test results from Table 3 .17 were normalized by the elastic 

modulus and are presented in this format in Table 3.20. 

All data points and the parameters of the best fit power equation are shown in 

Figure 3.3. The goodness of fit of the power equation was very good with an average 

coefficient of determination of 0.84. Based on the combined tension and compression 

diagonal shear tests results, Equation 3.7 can be used to characterize the shear modulus 

of foamed SXA specimens between 10% and 20% relative density. 

Relative Modulus Results 
(Normalized Data Sorted By Relative Density) 

Specimen Relative Relative 
Identification Density Shear Modulus 

Pr § 
- Es Ps 

SS4 .1033 0.00645 
SS1 .1036 0.00796 
SSs .1079 0.01053 
SS3 .1082 0.00899 
SS2 .1123 0.00757 
SS1 .1754 0.01822 
SS10 .1848 0.01462 
SS8 .1889 0.01413 
SS9 .2004 0.01538 
SS6 .2107 0.01962 

Table 3 .20 Relative Shear Modulus Results 
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CHAPTER 4 

FINITE ELEMENT ANALYSIS 

To derive foam stiffness equations, Gibson and Ashby used a very simple, single 

cell model. The cubic model. Figure 1.6, contained six (6) faces, twelve (12) edges and 

sixteen (16) vertices [adjoining cells were staggered). Strength of material solutions 

were then employed to develop equations in terms of cell edge length and thickness. 

Finally, the density scaling laws previously developed by Gibson and Ashby were 

utilized to express the equations in terms of relative density. The final equations 

contained constants which included all of the geometric constants of proportionality. 

Physical test data was then used to calibrate the equations and establish a value for the 

various constants. Most of the test data used to suggest values for the various constants 

came from physical tests on polymers. Although some metals and glasses were 

included, many were above 30% relative density, the density at which there is a 

transition from a cellular structure to that of a solid containing pores. 

Gibson and Ashby also state that most foams have a typical shape which is best 

approximated by a tetrakaidecahedron. A tetrakaidecahedron, as shown in Figure 4.1, 

has fourteen (14) faces, thirty-six (36) edges and twenty-four (24) vertices. Unlike the 

cubic array, the tetrakaidecahedron cell is a true space-filling body. The cells will pack 

together to fill three-dimensional space. It is intuitive that the behavior of this cell shape 

would be much different from that of the cubic array, where cell edge bending is the 

mechanism of deformation. 
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Figure 4.1 Tetrakaidecahedra Cell Array 

The simplified model used by Gibson and Ashby provides no insight into the 

effects of cell geometry and the impact of cell geometry on the various constants of 

proportionality. To evaluate these effects, a parametric study of cellular foams was 

performed. Finite element models, consisting of beam and plate elements, were 

developed to evaluate cell geometries. The focus of the study was to: 

1. Evaluate the density scaling laws proposed for the various cell shapes. 

2. Evaluate the use of the proposed stiffness equations for metals and glasses. 

3. Investigate the effects of cell shape on the elastic modulus of the foam. 

4. Investigate the effects of cell shape on Poisson's ratio for the foam system. 

5. Evaluate the proposed constants of proportionality. 

6. Determine if an isotropic relationship exists for an ideal foam system. 
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Both open-cell and closed-cell finite element models were developed using two 

(2) cell geometries, the cubic array and the tetrakaidecahedra array. These geometries 

were selected in order to bound the problem. The cubic array, although not practical as 

a foam geometry, is very simple and cell edge bending is the primary mechanism of 

deformation. The cubic array is not a true space-filling geometry when the cells are 

staggered. The model geometry utilized by Gibson and Ashby is not suitable for a 

macroscopic finite element model. As shown in Figure 1.6, the adjacent cells are 

staggered at each face. Although practical for a single cell, this is not realistic when 

modeling multiple cells. On the other hand, the tetrakaidecahedra array, according to 

Gibson and Ashby, can be used to typify most foams. Many foam-like structures, such 

as grain boundaries in metals and ceramics, have approximately fourteen (14) faces and 

approximately five point one (5.1) edges per face. Furthermore, as stated by Gibson and 

Ashby, most foam cells have faces with five (5) edges, regardless of the shape of the 

cell. The tetrakaidecahedron has fourteen (14) faces and an average of five point one 

four (5.14) edges per faces. For these reasons, the tetrakaidecahedron is a good choice 

for representing foam systems and, as previously mentioned, this cell geometrv' is 

efficient for modeling a multiple cell system because the cells will pack together to fill 

three-dimensional space. 

All finite element analyses were performed on a 486, 100 Mhz., desktop 

computer using COSMOS/M version 1.7IC finite element analysis system. 

COSMOS/M is a complete, modular self-contained finite element system developed bv 
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Structural Research and Analysis Corporation (SfMO for personal computers and 

workstations. The program includes modules to solve linear and nonlinear, static and 

dynamic, structural problems. The 1.7IC version is capable of running problems as 

large as 32,000 nodes and elements and 100,000 degrees of freedom {DOF). All foam 

models were created in GEOSTAR, the pre- and postprocessor. Depending on the cell 

geometry and the size of the foam system, the models varied from 446 to 45,698 degrees 

of freedom. The solution time for the larger models was approximately fourteen (14) 

hours. 

I ANALYSIS OF OPEN-CELL STRUCTURES 

Ten (10) finite element models were developed and thirty (30) analyses were 

performed to investigate the behavior of open-cell foams. Four (4) of the models 

utilized the staggered cubic array geometry, while the remaining si.x (6) models utilized 

the tetrakaidecahedron geometry. The first cubic array model, shown in Figure 4.2. 

consist of 106 linear elastic, 3-node beam elements {BEAM3D). The BEAM3D element 

is a 2-node element for three-dimensional structural and thermal models. For structural 

models, six (6) degrees of freedom (i translations and 3 rotations) are considered per 

node. The third node is required only for element orientation. Each BEAM3D element 

is 0.05 inches in length and has a square cross-sectional area. The BEAM3D width and 

thickness {i.e. cell edge thickness) was varied with each analysis to increase the relative 

density of the foam system. The cell edge thickness typically varied between 0.0100 and 

0.0218 inches. In all models which utilized the cubic array geometry, the individual cell 
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width, length and height was O.IO inches. The foam system, shown in Figure 4.2, 

consists of five (5) complete cells and eight (8) partial cells and has overall dimensions 

of 0.20 X 0.20 X 0.20 inches. Each layer of cells in the Y direction is staggered in the X 

and Z directions to ensure that cell edge bending is the principal mode of deformation. 

Nodal forces and boundary conditions are shown in Figure 4.3. In this case, a 

nodal force {represented by arrows) of -0.50 pounds was applied at the four (4) comer 

nodes of the top cell. This yields a total compressive force of 2.00 pounds distributed 

over the top surface of the foam system, which in turn, corresponds to a compressive 

stress of 50.0 psi. In all models, the nodal loads or element pressures were varied to set 

the compressive stress at 50.0 psi. Nodal displacements {arrows with tails) were applied 

to the nodes at the bottom surface of the foam system. All nodes were constrained 

against translation in the Y direction. The node at the coordinate system origin was also 

constrained against translation in the X and Z directions. Likewise, the node at the end 

of the X coordinate axis was constrained in the Z direction and the node at the end of the 

Z coordinate axis was constrained in the X direction. Coupled degrees of freedom 

{arrows with circular tails) were applied to the nodes which represent the loaded 

surface. The CPDOF command allows a set containing up to nine (9) nodes to have a 

coupled displacement or rotation. A maximum of five hundred sets nnay be defined. 

The nodes, which represent the loaded surface, were coupled to move together in the Y 

direction. 
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Figure 4.2 Open-Cell Cubic Array, Model No. 1 

Figure 4.3 Open-Cel1 Model No. 1, Forces and Boundary Conditions 
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The defonned shape for the open-cell model previously discussed is shown in 

Figure 4.4. The cell edge thickness for this analysis was 0.015 inches and the maximum 

displacement in the Y direction was -0.00005565 inches. It is evident from Figure 4.4, 

that cell edge bending is the primary mode of deformation. The dlsplaced shape is very 

similar to that illustrated by Gibson and Ashby and shown in Figure 1.7. One difference 

is the curvature of the beam elements. Although the deformation scale factor is 250x, 

curvature is plotted as not being continuous across the elements. This is due to the 

primitive capabilities of the plotting program ( each element is plotted as a straight line). 

Additional elements would be required to approximate the smooth curves shown in 

Figure 1.7. 

Figure 4.4 Open-Cell Model No. 1, Deformed Shape 
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A convergence study is a key step in verifying a finite element solution. Since a 

finite element model provides an approximate solution, some estimate of error is 

required otherwise the solution is worthless. Convergence studies typically involve 

generating a number of trial solutions, each with a different number of degrees of 

fi-eedom. If the solution changes little from trial to trial, the solution is likely to be 

correct. Generally, the physical size of the component under consideration does not 

change. The density of the mesh {degrees of freedom) is increased until convergence is 

achieved. 

For the analysis of foam systems a different approach was utilized. To ensure 

accurate macroscopic foam properties, the size of the foam system was increased with 

each analysis. The number of elements per cell remained the same, however, the 

physical size of the model was typically doubled with each analysis. The first model 

shown in Figure 4.2, an open-cell cubic array, has physical dimensions of 0.20 .\ 0.20 x 

0.20 inches. The second model was 0.40 x 0.40 x 0.40 inches, while the third model 

was 0.80 X 0.80 x 0.80 inches in length, width and height. The final op)en-ceII cubic 

model, as shown in Figure 4.5, is 1.00 x 1.00 x 1.00 inches in length, width, and height 

and contains 10,610 BEAM3D elements. This model has 35,734 degrees of freedom 

which is nearly two (2) orders of magnitude larger than the first model which has 446 

degrees of freedom. As shown in the convergence plots presented later in this chapter, 

there was little change in the solutions between the third and fourth models. 
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Figure 4.5 Open-Cell Cubic Array, Model No. 4 

Figure 4.5 includes the applied forces and boundary conditions. The model was 

constructed slightly different than the first model. Due to the complexity of the model 

and the difficulty associated with selecting individual nodes, a top and bottom surface 

was added to the model. Each surface is a modeling aid for applying forces, boundary 

conditions and constraints to the foam system and is meshed with SHELL4 elements. 



The SHELL4 element is a 4-node quadrilateral shell element and has six (6) degrees of 

freedom (i translations and 3 rotations) per node. For most analyses, the shell element 

thickness was set at 1.00 inches. Although the shell elements are attached to the foam's 

beam elements, the additional stiffness of the shell elements in the X and Z directions 

had little or no effect on the solutions. Boundary conditions and constraints were similar 

to those described previously for the first model. However, due to the stiffness of the 

shell elements in the Y direction, fewer nodes required coupling. Only the four (4) 

comer nodes of the top surface required coupling constraints to ensure the top surface 

moved as a plane in the Y direction. Additionally, instead of individual nodal forces, an 

element pressure was applied to the top surface of the model and a surface displacement 

{zero in the Y directum) was prescribed on the bottom surface of the model. 

The displaced shape for open-cell Model Number 4 is shown in Figure 4.6. The 

cell edge thickness for this analysis was 0.015 inches and the average displacement of 

the top surface in the Y direction was -0.000225295 inches. The Y displacement is 

presented as an average due to the fact that in some models there were minor variations 

in the nodal displacements. In all cases, the Y displacements were consistent to a 

minimum of four (4) significant figures. Cell edge bending is again the principal mode 

of deformation. However, as shown in Figure 4.6, as well as Figure 4.4, bending of the 

vertical cell edges {columns) is also evident. This outward deformation of the cell 

columns is representative of Poisson's ratio for the foam system. Determination of the 

lateral deformation and Poisson's ratio is discussed in more detail later in this chapter. 
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Figure 4.6 Open-Cell Model No. 4, Defonned Shape 

Six ( 6) open-cell models were utilized to investigate the behavior of the 

tetrakaidecahedron cell shape. The first three (3) tetrakaidecahedron models are similar 

to the open-cell cubic models previously discussed. The physical size, type of forces 

and boundary conditions are essentially the same. However, since the 
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tetrakaidecahedron geometry can be used to typify most foams, three (3) additional 

models were constructed to study its behavior in shear. 

The first open-cell tetrakaidecahedra array model. Model 5, is shown in Figure 

4.7. This model consisted of 240 BEAM3D elements and is physically the same size as 

the first cubic array model {0.20 x 0.02 x 0.20). The total width of an individual cell is 

again 0.10 inches, however for this cell shape, each beam element is 0.35355 inches in 

length and represents one (I) edge of the cell. The foam system, shown in Figure 4.7. 

consist of nine (9) complete cells; four (4) cells in the bottom layer and four (4) cells in 

the top layer. The remaining cell fills the void directly in the center of the cell group. 

No additional beam elements are required to produce the center cell. Its edges are those 

of the surrounding cells. For this reason, the tetrakaidecahedron cell is considered a true 

space-filling body. Similar to the cubic array models, the cell edge thickness varied 

between 0.0100 and 0.0175 inches. However, as detailed later in this chapter, the 

tetrakaidecahedron cell geometry produced higher relative densities for the same edge 

thickness. 

Nodal forces and boundary conditions are shown in Figure 4.8. For this model, a 

Y direction nodal force of -0.125 pounds was applied to all nodes which represent the 

top surface of the foam system. Additionally, the Y displacements of the loaded nodes 

were coupled to ensure that the top surface moves as a plane. Boundary conditions were 

applied to the nodes which represent the bottom surface of the foam system and are 

identical to those described for the cubic array models. 
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Figure 4.7 Open-Cell Tetrakaidecahedra Array, Model No. 5 

Figure 4.8 Open-Cell Model No. 5, Forces and Boundary Conditions 
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The undeformed and deformed shape for the open-cell tetrakaidecahedron model 

previously discussed is shown in Figure 4.9. Without the undeformed shape as a point 

of reference, the defonned shape appears identical to the undefonned shape. When 

compared to the defonned shape for the open-cell cubic geometry, the deformation of 

the cell edges is significantly different. Although cell edge bending is still the principal 

mode of deformation, bending occurs at a different location along the edge length. In 

this case, the cell edges appear to remain straight and the bending looks as though it 

occurs primarily at the vertex of the cell edges. The top surface of each cell is displaced 

downward, while the vertical faces move outward giving the cell a flattened appearance. 

The cell edge thickness for this analysis was O.015 inches and the maximum 

displacement in the Y direction was -.000047325 inches. 

Figure 4.9 Open-Cell Model No. 5, Deformed Shape 
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The seventh and final open-cell tetrakaidecahedron model subjected to a 

compressive load is shown below in Figure 4.10. This model is 0.80 x 0.80 x 0.80 

inches in length, width, and height and contains 13,056 BEAM3D elements. Likewise, 

this model has-45,698 degrees of freedom which, again, is nearly two (2) orders of 

magnitude larger than the first open-cell tetrakaidecahedron model (Model No. 3) which 

has 860 degrees of freedom. 

Figure 4.10 Open-Cell Tetrakaidecahedra Array, Model No. 7 
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Figure 4.10 also includes the applied forces and boundary conditions. Similar to 

the final open-cell cubic model, {Model -/), a top surface meshed with SHELL4 elements 

was added for modeling convenience. Element pressures and boundary conditions are 

comparable to those previously discussed. However, for this model, the bottom surface 

was removed in order to minimize the band width and reduce the disk space required to 

run the problem. The individual nodes which represent the bottom surface of the foam 

system were selected and the appropriate boundary conditions applied. 

The undeformed and deformed shape for tetrakaidecahedron Model 7 is shown 

in Figure 4.11. To provide an accurate visualization of the deformed shape, the model is 

viewed from a point at the end of the X axis and the deformed shape is plotted over the 

undeformed shape. The cell edge thickness for this analysis is 0.015 inches and the 

average displacement of the top surface in the Y direction is -0.000174785 inches. 

Additionally, the sides of the model primarily moved outward in the positive X and Z 

directions. The lateral e.xpansion, as shown in Figure 4.11, is fairly uniform in the Y 

direction and is due to the flattening of the cell structure. When compared to the 

deformed shape for the cubic array, it is obvious that cell geometry has a significant 

influence on Poisson's ratio and ultimately the shear modulus of the material. The 

effect of cell shape on Poisson's ratio is discussed in more detail later in Chapter 5. 
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Figure 4.11 Open-Cell Model No. 7, Deformed Shape 

As previously discussed, Models 8, 9, and 10 were used to investigate the 

behavior of the tetrakaidecahedron cell shape when subjected to a state of pure shear. 

The shear models were constructed on the basis of the shear panel test fixture used for 

physical testing. With this configuration, the shear stresses lie in a plane and are 
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constant through the thickness. Therefore, the height and width of the shear panel is 

typically larger than the thickness of the specimen. In all the previous analyses, the 

physical dimensions (height, width, and thickness) of the models were the same. 

However, in the case of the shear models, the width and height were increased while the 

thickness was decreased. The shear models were constructed in this manner in order to 

accurately capture the resultant shear deformations. The final tetrakaidecahedron shear 

model is shown in Figure 4.12. 

Figure 4.12 Open-Cell Tetrakaidecahedra Array, Model No. 10 
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The final tetrakaidecahedron shear model. Model 10, is 1.50 x 1.50 inches in 

height and width. The thickness is 0.20 inches which is two (2) complete cells. This 

provides a larger shear area while maintaining approximately the same number of 

degrees of freedom. Model 10 consist of 11,940 BEAM3D elements and has 39,526 

degrees of freedom. Four (4) individual surfaces around the perimeter of the foam were 

meshed with 1.00 inch thick SHELL4 elements. These surfaces represent the fi.xture 

load beams which transfer the shear forces into the foam system. The six (6) nodes at 

each end of each surface represent the comer nodes. Comer nodes of adjacent surfaces 

physically occupy the same space. To model a hinged joint, rotationally free about the Z 

axis, the comer nodes were coupled with the comer nodes of the adjacent surface. 

Translations in the X, Y and Z directions were coupled while rotations were released. 

This ensures that the displaced shape will be a parallelogram, which is required for the 

foam system to be in a state of pure shear. 

Forces and boundary conditions are also shown in Figure 12. A nodal force of 

2.50 pounds was applied to the six (6) comer nodes at the upper right comer of the 

model {i.e. X = 1.50, Y = 1.50). This yields a total force of 15.00 pounds acting in the 

positive X direction, which in tum, corresponds to a shear stress of 50.0 psi. In all shear 

models, the nodal forces were varied to set the shear stress at 50.0 psi. The boundar\ 

conditions simulate a fixed hinge along the Z axis at the coordinate system origin and a 

roller under the shell elements at the end of the X axis. The roller prevents 

displacements in the Y direction only. 
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The deformed shape for this model is shown in Figure 4. 13 and is viewed from a 

point on the positive Z axis. The beam thickness for this analysis is 0.015 inches and the 

net displacement at the corner nodes of the top surface is 0.000897109 inches in the 

positive X direction. The net displacement is the corner node displacement of the top 

surface minus the corner node displacement of the bottom surface. As shown in Figure 

4.13, the shell elements and botmdary conditions ensure that the deformed shape is a 

parallelogram. 

Figure 4.13 Open-Cell Model No. 10, Deformed Shape 
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II OPEN-CELL ANALYSIS RESULTS 

The density relationships presented by Gibson and Ashby are of fundamental 

importance in the development of material properties for foam systems. Likewise, the 

validity of the density scaling laws and the associated constants of proportionality are of 

considerable interest and a major focus of this study. Gibson and Ashby proposed a 

single relative density characterization for both open-cell and closed-cell foams. The 

relationship. Equation 1.6, characterizes the relative density for all foams as follows; 

te = cell edge thickness (open and closed-cell foams) 

tf = cell face thickness (closed-cell foams) 

Zf = number of faces that meet at an edge 

n = average number of edges per face on a single cell 

f = number of faces on a single cell 

1 = cell edge length 

The relationship is valid for all cell geometries with relative densities less than 20°'o. 

The first term of this equation may apply to both open and closed-cell geometries, 

whereas the second term relates only to closed-cell geometries. Above 20%, the 

equation overestimates the relative density due to double counting the comers of open-

cell foams and the edges and comers of closed-cell foams. The error is present in all 

where: 
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cases~ however, according to Gibson and Ashby, the error is insignificant when the 

density is below 20%. 

A relative density calculation was performed in conjunction with each finite 

element analysis. The weight density determined from a finite element analysis is also 

an overestimate of the actual weight density. Beam element length is determined from 

the geometric coordinates of the endpoint nodes. As illustrated in Figure 4.14, when 

three or more elements share a common node, a volume correction must be applied. 

Figure 4.14 Three Beam Connection 

The volume correction for three (3) beam elements that share a common node is : 

t 3 
e 

2 

Likewise, for a four (4) beam and a five (5) beam connection, the correction is t3 and 

1.5t3, respectively. For the cubic array geometry, a maximum of five (5) beam elements 
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may share a common node. Similarly, for the tetrakaidecahedra array, a maximum of 

four (4) beam elements may share a common node. Gibson and Ashby refer to this 

property as the vertex connectivity (Z^) for a foam system. 

The square cross-section, illustrated in Figure 4.14, is not realistic in an actual 

foam. This cross-section, however, is consistent with Gibson and Ashby's relative 

density equation and provides for a simple density correction. For these reasons, the 

beam elements in all open-cell, finite element models utilized a square cross-section. 

Due to the complexity of determining the exact number of elements that share 

th ree  (3 ) ,  four  (4 )  o r  f ive  (5 )  nodes  in  the  l a rge r  mode l s ,  a  For t ran  p rogram ( I - 'OAAf l )  

was developed. FOAMl, when executed, opens the finite element output file and reads 

the element connectivity chart. The program then identifies which elements share 

common nodes. Utilizing Gibson and Ashby's designation for the number of edges that 

connect at a vertex, Z^, the connectivity results for the final open-cell models are 

presented in Table 4.1. Utilizing these values. Equation 4.1, and the weight density of 

the solid parent material, the weight of each open-cell model was corrected. The FEA 

weights, the corrected weights and the relative densities are presented in Table 4.2. 
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Model Model Number of Vertex Connectivity 

No. Description Beam Ze=3 - Ze=4 Ze=S 
_Elements 

3 Open-Cell Cubic 10610 400 1980 1810 

6 Open-Cell 
13056 1536 5376 0 

Tetrakaidecahedra 

10 Open-Cell 
11940 2280 4260 0 

Tetrakaidecahedra (Shear) 

Table 4.1 FEA Vertex Connectivity 

where: 

CWT = corrected weight 

WT FEA = weight from FEA analysis 

te = cell edge thickness 

Ze3 = number of three (3) element connections 

Ze4 = number of four ( 4) element connections 

Ze5 = number of five (5) element connections 

WDsolid = weight density of solid parent material 
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Model Size 
Edge Corrected 

Model Thickness FEA Weight Weight Relative 
No. (in) (in) (lbs) (lbs) Density 

3 1.0 X 1.0 X 1.0 0.0100 0.00557025 0.0050563 0.048 
') 1.0 X 1.0 X 1.0 0.0128 0.00912630 0.0080484 0.077 .) 

3 1.0 X 1.0 X 1.0 0.0150 0.01253306 0.0107984 0.103 

3 1.0 X 1.0 X 1.0 0.0185 0.01906418 0.0158099 0.151 
') 1.0 X 1.0 X 1.0 0.0218 0.02647206 0.0211472 0.201 .) 

6 0.8 X 0.8 X 0.8 0.0100 0.00484679 0.0042017 0.078 

6 0.8 X 0.8 X 0.8 0.0128 0.00794099 0.0065881 0.123 

6 0.8 X 0.8 X 0.8 0.0150 0.01090528 0.0087280 0.162 

6 0.8 X 0.8 X 0.8 0.0175 0.01484330 0.0113859 0.212 

10 1.5 X 1.5 X 0.2 0.0100 0.004432499 0.00386550 0.082 

10 1.5 X 1.5 X 0.2 0.0128 0. 007262206 0.00607312 0.129 

10 1.5 X 1.5 X 0.2 0.0150 0.009973122 0.00805950 0.171 

10 1.5 X 1.5 X 0.2 0.0175 0.013574528 0.01053576 0.223 

Table 4.2 Open-Cell Density Results 

Relative density convergence plots for both the open-cell cubic array and the 

open-cell tetrakaidecahedra array are presented in Figures 4.15 and 4.16, respectively. 

The plots show the change in the relative density as the model size (FEA degrees of 

freedom) is increased. The data points represent the FEA results for a cell edge 

thickness of 0.0150, 0.0128 and 0.0100 inches, respectively. It is evident from the cubic 

array results that there was little change in the relative density when the model size was 

increased from 0.80 x 0.80 x 0.80 inches (18,506 DOF) to 1.00 x 1.00 x 1.00 inches 

(35,734 DOF). A legend of the various curves is presented with each plot. The curves 

with data points included represent the FEA results, whereas the horizontal lines reflect 
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the relative density values predicted by Gibson and Ashby. The order of the legend (top 

to bottom) is representative of the order of the curve groups presented in the plot. 

The relative densities and constants of proportionality predicted by Gibson and 

Ashby, as well as the FEA results, are presented in Tables 4.3 and '4.4. The FEA results 

are the same as those presented in Table 4.2 and represent the endpoint of each curve 

shown in Figures 4.15 and 4.16. A complete discussion of these values is presented in 

Chapter 5. 
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Edge Relative Constant of Relative Constant of 
Thickness Density Proportionality Density Proportionality 

(in) (Ashby) (Ashby) (FEA) (FEA) 
0.0150 0.191 1.06 0.162 0.902 
0.0128 0.139 1.06 0.123 0.935 
0.0100 0.085 1.06 0.078 0.977 

Table 4.4 Tetrakaidecahedra Array Relative Density Comparison 

The material properties sought from the physical testing of foam specimens were 

the elastic modulus, E, the shear modulus, G, and Poisson's ratio, v. To establish the 

validity and accuracy of the macroscopic foam models, these same properties were 

detennined from each finite element analysis. Both, the elastic modulus and Poisson' s 

ratio were determined from each model subjected to a compressive load. Likewise, the 

shear modulus was determined from each shear model. 

In all compressive models, the applied load resulted in a uniaxiaJ stress of -50.0 

psi in the Y direction. The Y displacement of the top surface of the foam system was 

determined and recorded for each analysis. This displacement was then used to 

calculate the nominal axial strain. Knowing the nominal stress and strain in the foam 

system, the elastic modulus, E, is easily computed. The elastic modulus results for the 

final open-cell models are presented in Table 4.5. 

In the case of the shear models, the applied shear force resulted in a shear stress 

of 50.0 psi in the X-Y plane of the foam system. The edge displacement of the top 

surface in the X direction was determined and recorded for each analysis. Using the 

edge displacement and the overall length of the side, the shear strain was calculated. 
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Similarly, knowing the shear stress and strain, the shear modulus, G, is easily computed. 

The shear modulus results for the final open-cell model, are also presented in Table 4.5 . 

Model Model Size Edge Top Surface Nominal Strain Elastic 

No. (in) Thickness Displacement (in/in) Modulus 
(in) (in) (lbs/in2

) 
...., 

1.0 X 1.0 X 1.0 0.0100 -0.002392230 -0.00239223 20901 .., 

3 1.0 X 1.0 X 1.0 0.0128 -0.001015640 -0.00101564 49230 

3 1.0 X 1.0 X 1.0 0.0150 -0. 00060 1518 -0.00060152 83123 

3 1.0 X 1.0 X 1.0 0.0185 -0.000311927 -0.00031193 160294 

3 1.0 X 1.0 X 1.0 0.0218 -0.000192190 -0.00019219 260159 

6 0.8 X 0.8 X 0.8 0.0100 -0.000666339 -0.00083292 60030 

6 0.8 X 0.8 X 0.8 0.0128 -0.000289981 -0.00036248 137940 

6 0.8 X 0.8 X 0.8 0.0150 -0.000174785 -0.00021848 228853 

6 0.8 X 0.8 X 0.8 0.0175 -0.000109318 -0.00013665 365905 

Model Model Size Edge Top Surface Shear Strain Shear 

No. (in) Thickness Displacement (radians) Modulus 
(in) (in) (lbs/in2

) 

10 1.5 X 1.5 X 0.2 0.0100 0.003684440 0.002456296 20356 

10 1.5 X 1.5 X 0.2 0.0128 0.001536170 0.001024114 48823 

10 1.5 X 1.5 X 0.2 0.0150 0.000897109 0.000598073 83602 

10 1.5 X 1.5 X 0.2 0.0175 0.000543790 0.000362527 137921 

Table 4.5 Open-Cell Modulii Results 

A relative elastic modulus convergence plot for the open-cell cubic array and for 

the open-cell tetrakaidecahedra array is presented in Figures 4.17 and 4.18. In both 

cases, the relative elastic modulus converged with little difference between the relative 

elastic modulus of the last two (2) data points In addition, the relative elastic modulii 

and constants of proportionality predicted by Gibson and Ashby, as well as the 

normalized FEA results, are presented in Tables 4.6 and 4.7. The modulii values 
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predicted by Gibson and Ashby are based on the relative densities determined from the 

FEA results. The normalized FEA results are the elastic modulus results of Table 4.5 

normalized by the elastic modulus of the parent material. Again, these results represent 

the endpoint of each curve shown in Figures 4.17 and 4.18. 

Referring to Figures 4.17 and 4.18, it is interesting to note that the relative elastic 

modulus of the cubic array decreased as the finite element DOF increased, whereas the 

relative elastic modulus of the tetrakaidecahedra array increased as the finite element 

DOF increased. Depending on the types of elements used, a coarse finite element model 

is typically overly stiff and becomes more flexible as the degrees of freedom are 

increased. This is most likely the reason for the behavior of the cubic array model. 

However, in the case of the tetrakaidecahedra array, the stiffening effect may be 

attributed to the cell geometry {Le. interaction between cells). When subjected to a 

compressive load, each cell becomes slightly elongated and tries to move outward, 

normal to the direction of loading. As the size of the foam system is increased, this cell-

to-cell interaction may attribute to the increased stiffness of the finite element model. 

Based on the elastic modulus results, a convergence study was not performed 

with the tetrakaidecahedron shear models. The size {degrees of freedom) of the shear 

models was based on the final compression model, which produced good results. For 

comparative purposes, the shear modulus results of Table 4.5 were normalized by the 

elastic modulus of the parent material. The normalized shear modulus results, as well as 

the values predicted by Gibson and Ashby, are presented in Table 4.8. 
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Figure 4.17 Cubic Array Relative Elastic Modulus Convergence Plot 

Edge Relative Constant of Relative Constant of 
Thickness Elastic Proportionality Elastic Proportionality 

(in) Modulus (Ashby) Modulus (FEA) 
(Ashby) (FEA) 

0.0150 0.01058 1.00 0.00504 0.476 
0.0128 0.00588 1.00 0.00298 0.508 
0.0100 0.00232 1.00 0.00127 0.546 

Table 4.6 Cubic Array Relative Elastic Modulus Comparison 
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Relative Constant of Relative Constant of 
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Thickness Elastic Proportionality Elastic Proportionality 
(in) Modulus (Ashby) Modulus (FEA) 

(Ashby) (FEA) 
0.0150 0.02636 1.00 0.01387 0.526 
0.0128 0.01502 1.00 0.00836 0.557 
0.0100 0.00611 1.00 0.00364 0.596 

Table 4.7 Tet. Relative Elastic Modulus Comparison 
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Edge Relative Constant of Relative Constant of 
Thickness Shear Proportionality Shear Proportionality 

(in) Modulus (Ashby) Modulus (FEA) 
(Ashby) (FEA) 

0.0175 0.01864 0.375 0.00836 0.168 
0.0150 0.01091 0.375 0.00507 0.174 
0.0128 0.00620 0.375 0.00296 0.179 
0.0100 0.00251 0.375 0.00123 0.184 

Table 4.8 Tet. Relative Shear Modulus Comparison 

Having established the relative elastic modulus, as well as the corrected relative 

density for each finite element analysis, it is now possible to develop a mathematically 

tractable equation relating the two. Employing the same procedure for the experimental 

test data, a multiple curve fitting program was utilized to determine which equations 

best fit the FEA data points. The power equation ranked sixth for the cubic array with a 

goodness of fit of 0.9997 and fifth for the tetrakaidecahedra array with a goodness of fit 

of 0.9998. Three (3) parameter equations, such as the Log Normal and the Hoerl 

function ranked only slightly higher. Nevertheless, the power equation always ranked 

the highest among the two (2) parameter equations and was selected for this reason. 

Additionally, the power equation is simple to use and best fits the derivation proposed 

by Gibson and Ashby. A plot of the best-fit power equation for the cubic array data is 

presented in Figure 4.19. Equation 4.2 best characterized the FEA elastic modulii 

results for this cell geometry. Likewise, a plot of the best-fit equation for the 

tetrakaidecahedra array data is presented in Figure 4.20. Equation 4.3 best characterized 

the FEA elastic modulii results for this cell geometry. 
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The same procedure can be used to develop an equation relating the relative 

shear modulus and the relative density. In this case, the power equation ranked fourth 

with a goodness of fit of 1.0000. A plot of the best-fit power equation is presented in 

Figure 4.21. Equation 4.4 best characterized the FEA shear modulii results for the 

tetrakaidecahedron cell geometry. 
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In order to establish Poisson's ratio for the two (2) cell geometries under 

investigation, lateral deformations were measured in all compressive models. To do so. 

required averaging the lateral nodal displacements on two (2) opposite faces of the foam 

system. Due to complexity of the larger models, another Fortran program (FOAMS) was 

developed. F0AM3, when executed, prompted the user for the coordinate direction and 

the geometric coordinates of the search zone {i.e. coordinates of a face). The program 

first opened the finite element output file, read the nodal coordinates, and identified 

which nodes lie within the search zone in the required coordinate direction. At that 

point, the program opened the nodal displacement file, summed, and averaged the 

required nodal displacements. The process was repeated for the opposite face and then 

for the other coordinate direction. 

In all cases, compression was in the Y coordinate direction, whereas lateral 

deformations occurred in both the X and Z coordinate directions. Due to the boundarv 

conditions, most of the lateral deformations occurred in the positive X and Z directions 

{.see Figure 4.11). Some lateral deformation, however, did occur in the negative X and 

Z directions. 

The average lateral deformation for the two (2) coordinate directions was 

averaged to provide a single deformation value which, in turn, was used to compute the 

nominal lateral strain. Knowing the nominal axial strain and the nominal lateral strain. 
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Poisson's ratio is easily computed using Equation 3.1. Poisson' s ratio results for the 

final open-cell, compressive models are presented in Table 4.9. 

Model Model Size Edge Lateral Lateral Strain Poisson's 
No. (in) Thickness Displacement (in/in) Ratio 

(in) (in) 

3 1.0 X 1.0 X 1.0 0.0100 0.000030835 0.000030835 0.013 
,.., 

1.0 X 1.0 X 1.0 0.0128 0.000011986 0.000011986 0.012 .) 

,.., 
1.0 X 1.0 X 1.0 0.0150 0.000006583 0.000006583 0.011 .) 

3 1.0 X 1.0 X 1.0 0.0185 0.000003010 0.000003010 0.010 

3 1.0 X 1.0 X 1.0 0.0218 0.000001644 0.000001644 0.009 

6 0.8 X 0.8 X 0.8 0.0100 0.000286033 0.000357541 0.429 

6 0.8 X 0.8 X 0.8 0.0128 0.000116377 0.000145471 0.401 

6 0.8 X 0.8 X 0.8 0.0150 0.000066654 0.000083318 0.381 

6 0.8 X 0.8 X 0.8 0.0175 0.000039498 0.000049373 0.361 

Table 4.9 Open-Cell Poisson's Ratio Results 

As shown in Table 4.9, Poisson' s ratio is, for all practical purposes, zero for the 

cubic array geometry (Model 3). With the staggered cells, the edges bend at the 

midpoints, which produces very little outward defonnation. The outward (lateral) 

deformation appears to be the result of column deflection of the vertical edges. On the 

other hand, the average Poisson' s ratio for the tetrakaidecahedra array is 0.393. The cell 

edges appear to bend at the vertex, allowing the cells to elongate under the compressive 

load, which produces increased lateral deformations. The influence of cell shape on 

Poisson' s ratio is discussed in more detail in Chapter 5. 
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In many cases, Poisson's ratio is not measured but derived from the relationship 

between the elastic modulus, E, and the shear modulus, G. For a linear elastic material, 

Poisson' s ratio can be determined as follows: 

E 
V=--1 4.5 

2G 

Based on Equation 4.5, Poisson' s ratio can be determined from the FEA results for the 

elastic modulus and the shear modulus. Since the cell edge thicknesses were the same in 

both analyses (Model 6 and Model 10), the relative densities are approximately the 

same. Using Equation 4.5 and the results from Table 4.5, Poisson's ratio was derived 

for the tetrakaidecahedron cell shape. The results are presented below in Table 4.10. 

Edge Average Elastic Modulus Shear Modulus Poisson's 
Thickness Relative (lbs/in2

) (lbs/in2
) Ratio 

(in) Density 
0.0100 0.080 60030 20356 0.475 
0.0128 0.126 137940 48823 0.413 
0.0150 0.167 228853 83602 0.369 
0.0175 0.218 365905 137921 0.327 

Table 4.10 Poisson's Ratio For Tetrakaidecahedron Cell Shape 

The average value for Poisson's ratio derived in this manner is 0.396 which agrees 

favorably with the results from the tetrakaidecahedron models (Table 4.9) in which the 

average is 0.393. 
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III ANALYSIS OF CLOSED-CELL STRUCTURES 

Eleven (11) finite element models were developed and forty (40) analyses were 

performed to investigate the behavior of closed-cell foams. Four (4) of the models 

utilized the staggered cubic array geometry, while the remaining seven (7) models 

utilized the tetrakaidecahedron geometry. The closed-cell models, in many aspects, are 

very similar to the open-cell models. For instance, the cell size and geometr\' are 

identical to those developed for the open-cell models. The physical sizes of the models 

used in the convergence study are also the same. Therefore, to avoid excessive 

redundancy, most of the discussion will be limited to the differences in the models and 

analyses. 

The first closed-cell cubic array model, shown in Figure 4.22, consists of 112 

linear quadrilateral thin shell elements (SHELL-f). Each SHELL4 element is 0.05 inches 

in length and height, and each cell face is comprised of four (4) elements. The shell 

thickness (i.e. cell face thickness) was varied with each analysis to increase the relative 

density of the foam system. The cell face thickness typically varied between 0.0030 and 

0.0060 inches. The foam system, shown in Figure 4.22, consists of four (4) complete 

{closed) cells and nine (9) partial cells and has overall dimensions of 0.20 .\ 0.20 .x 0.20 

inches. Each layer of cells in the Y direction is staggered in the X and Z directions to 

ensure that face plate bending is the principal mode of deformation. Nodal forces and 

boundary conditions are identical to the open-cell model shown in Figure 4.3. 
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Figure 4.22 Closed-Cell Cubic Array, Model No. 1 

The deformed shape ( with Y displacement values) for the first closed-cell model 

is shown in Figure 4.23 . The cell wall thickness for this analysis was 0.0045 inches and 

the maximum displacement in the Y direction was -0.000008782 inches. It is evident 

from Figure 4.23 , that out-of-plane bending of the shell elements is the primary mode of 

deformation. Most of the deformation occurred at the top surface of the bottom cells. In 

fact, the deformed shape is very similar to that shown in Figure 4. 4 for the first open-cell 

model. The displacements, however, are much less due to the membrane stiffness of the 

shell elements (i.e. cell faces). 
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The third closed-cell cubic array model, shown in Figure 4.24, is 0.80 x 0.80 x 

0.80 inches in length, width, and height and contains 6,400 SHELL4 elements. This 

model has 25,994 degrees of freedom, which is slightly larger than the open-cell model 

of the same size. Although the top surface of the model could be considered the upper 

surface of the top cells, it in fact serves a different purpose. Similar to the larger open-

cell models, the top surface is 1. 00 inches thick and serves as a modeling aid for 

applying forces and displacement constraints to the foam system. In contrast, the shell 

elements which represent the lower surface of the bottom cells are the same thickness as 

the rest of the foam system. Element pressures and boundary conditions are 

conceptually the same as those previously discussed for the open-cell models. 
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Figure 4.24 Closed-Cell Cubic Array, Model No. 3 

The deformed shape for closed-cell, Model Number 3 is shown in Figure 4.25. 

The cell wall thickness for this analysis was 0.0045 inches and the average displacement 

of the top surface in the Y direction was -0.000038277 inches. Out-of-plane bending of 

the shell elements (i.e. horizontal cell faces) is again the principal mode of deformation. 
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Figure 4.25 Closed-Cell Model No. 3, Deformed Shape, Y Displacements 
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The fourth and final closed-cell, cubic array model is visually identical to the 

third model shown in Figure 4.24. The difference is the addition of the beam elements 

from the third open-cell model. This model was used to investigate phi, $, which 

accounts for the distribution of solid between the edges and faces in closed-cell foams. 

According to Gibson and Ashby, during foaming, surface tension draws solid into the 

cell edges, leaving a thin face plate framed by thicker edges. By combining the open 
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and closed-cell models, the characterization of this property is possible. The fourth 

closed-cell model contained 5,512 BEAM3D elements and 6,400 SHELL4 elements. 

Since the nodal coordinates of the cell edges are the same for both the open-cell and 

closed-cell models, the total number of nodes did not increase with the addition of the 

beam elements. Therefore, the total number degrees of freedom did not change nor did 

the bandwidth of the stiffness matrix. 

The thickness of the beam elements {cell edges) is the same as the open-cell 

models, whereas the thickness of the shell elements {cell faces) was adjusted to set phi 

(^) at 0.50. Phi, (j), which is the volume fraction of solid contained in the cell edges, was 

easily determined from the finite element models by dividing the corrected weight of the 

edges by the total corrected weight of the foam system. Correspondingly, Equation 1.5 

was presented by Gibson and Ashby for determining phi as a function of the cell 

geometry, the face thickness, the edge thickness, and length. A comparison of the finite 

element results and the values predicted by Gibson and Ashby is presented later in this 

chapter. 

Seven (7) closed-cell models were utilized to investigate the behavior of the 

tetrakaidecahedron cell shape. The first four (4) tetrakaidecahedron models are similar 

to the first four (4) closed-cell cubic models previously discussed. The physical size, 

types of forces, and boundary conditions are essentially the same. The first three (3) 

models were constructed with shell elements, while the fourth model contained beam 
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elements and was used to evaluate two values of phi. The remaining three (3) models 

were constructed to study the closed-cell tetrakaidecahedron' s behavior in shear. 

The first closed-cell tetrakaidecahedra array model, Model 5, is shown in Figure 

4.26. This model consists of 170 SHELL4 elements and contains nine (9) completely 

closed cells. Similar to the open-cell tetrakaidecahedron model, the nodes and edges of 

the center cell are those of the shell elements of the surrounding cells. However, in this 

case, additional shell elements were required to close the center cell . 

Figure 4.26 Closed-Cell Tetrakaidecahedra Array, Model No. 5 
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Deformed plots, for the closed-cell tetrakaidecahedron model previously 

discussed, are shown in Figures 4.27 and 4.28. Figure 4.27 shows the deformed shape 

with the Y displacements presented in the legend, whereas Figure 4.28 presents the X 

displacements in the legend. The cell wall thickness for this analysis was 0.0045 inches 

and the average displacement of the top surface in the Y direction was -0.000015475 

inches. Similar to the open-cell model shown in Figure 4.9, the cells are elongated with 

the outer surfaces at the ends of the X and Z coordinate axes moving outward in the 

positive X and Z directions. As shown in Figure 4.28, the nodal displacements in the X 

direction are uniform at the outer face of the foam system. 
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The seventh closed-cell tetrakaidecahedra array model, shown in Figure 4.29, is 

0. 80 x O. 80 x O. 80 inches in length, width and height and contains 11 ,096 SHELL4 

elements. This model has 41 ,468 degrees of freedom, which is slightly smaller than the 

open-cell model of the same size. A top surface was added then removed due to an 

excessive increase in the bandwidth of the stiffness matrix. The additional degrees of 

freedom plus the separation of node numbers caused the storage requirements to exceed 

the disk capacity available. To compensate for the removal of the top plate, all nodes, 

which lie on the top surface of the model, were coupled to move together as a plane in 

the Y direction. Otherwise, the nodal forces and boundary conditions are conceptually 
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the same as the element pressures and boundary conditions prescribed for the other 

closed-cell models. 

Figure 4.29 Closed-Cell Tetrakaidecahedra Array, Model No. 7 

The deformed shape with Y displacements for closed-cell model 7 is shown in 

Figure 4.30 The cell wall thickness for this analysis was 0.0045 inches and the average 

displacement of the top surface in the Y direction is -0.000048394 inches. 
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The eighth and final closed-cell, tetrakaidecahedron compression model 1s 

visually identical to the seventh model shown in Figure 4.29. The difference is again the 

addition of beam elements which are used to frame the cell faces. Beam elements from 

open-cell Model Number 7 were combined with the shell elements from closed-cell 

Model Number 7 to obtain the eighth closed-cell model. This model contained 13,056 

BEAM3D elements and 11 ,096 SHELL4 elements and was used to evaluate two (2) 
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values of phi, 0.50 and 0.80. To obtain these values for phi, while increasing the relative 

density, both the cell edge thickness and the cell face thickness were varied with each 

analysis. The cell edge thickness varied between 0.0063 and 0.0152 inches, while the 

cell face thickness varied between 0.0005 and 0.0030 inches. Nodal forces and 

boundary conditions are identical to those prescribed for the preceding closed-cell 

model. A comparison of the finite element results and the values predicted by Gibson 

and Ashby is presented later in this chapter. 

As previously mentioned, closed-cell Models 9 and 10 were developed to 

investigate the behavior of the tetrakaidecahedron cell shape when subjected to a state of 

pure shear. These shear models are similar to those previously described for the open-

cell tetrakaidecahedron. Model 9 is 1.00 x 1.00 x 0.20 inches in length, height, and 

thickness, whereas Model 10 is 1.50 x 1.50 x 0.20 inches in length, height, and 

thickness. Both models were constructed with SHELL4 elements and although the 

number of degrees of freedom appeared sufficient, the shell elements were overly stitT 

when subjected to a state of pure shear. The shear deformations were less than 

expected, which in turn, produced higher values for the shear modulus. Based on 

Equation 4.5, and the results from the closed-cell compression model, Poisson's ratio 

should be negative, which is not consistent with the other results. 

To overcome the inability of Models 9 and 10 to accurately predict the shear 

deformations, an additional shear model was constructed with higher order 

isoparametric shell elements. The final closed-cell, tetrakaidecahedron shear model. 
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Model 11 , is shown in Figure 4.31. This model is 1.00 x 1.00 x 0.10 inches in height, 

width, and thickness and contains 2,102 SHELL9 elements. The higher order SHELL9 

element is a nine (9) node quadrilateral shell element with membrane, bending, and 

shear capabilities. Although the thickness is 0.10 inches (one complete cell), the model 

has 44,908 degrees of freedom. Similar to the open-cell shear models, the outer surfaces 

represent the load beams which transfer the shear forces into the foam system. 

Additionally, the applied shear stress and the boundary conditions are also the same. 

Figure 4.31 Closed-Cell Tetrakaidecahedra Array, Model No. 11 
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The deformed shape for this model is shown in Figure 4.32 and is viewed from a 

point on the positive Z axis. The shell thickness for this analysis was O. 0020 inches and 

the net displacement at the comer nodes of the top surface is 0.000343480 inches in the 

positive X direction. As shown in Figure 4.32, the perimeter shell elements and 

boundary conditions ensure that the defonned shape is a parallelogram. 
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IV CLOSED-CELL ANALYSIS RES UL TS 

Much of the discussion presented in the open-cell analysis results is also valid for 

the closed-cell analysis results. For instance, the relative density relationship proposed 

by Gibson and Ashby is the same for both open- and closed-cell foams. Additionally, 

many of the ideas and procedures developed for the open-cell foams are conceptually 

the same as those for the closed-cell foams. Therefore, to avoid excessive redundancy, 

most of the discussion will be limited to the differences in the theories and procedures. 

A relative density calculation was performed in conjunction with each closed

cell analysis. Similar to the open-cell models, a volume correction is required to correct 

the model weight. As illustrated in Figure 4.33, a volume correction must be applied 

when three or more shell elements share a common edge. 

Figure 4.33 Three Shell Connection 
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The volume correction for three (3) shell elements that share a common edge is: 

1 

Likewise, for four (4) shell elements that share a common edge the volume correction is 

twice the volume correction stated above. For the cubic array geometry, a maximum of 

four (4) shell elements may share a common edge. Similarly, for the tetrakaidecahedra 

array, a maximum of three (3) shell elements may share a common edge. 

Since shell elements have four (4) edges and the edges are defined by the node 

numbers which may be in any order, determining which elements share a common edge 

is difficult. For instance, element number 10 may be defined by nodes 20, 21, 22 and 

23, while element number 20 may be defined by nodes 30, 31, 21 and 20. Edge length 

{node 20 - node 2/) for element 10 is the same as edge length {node 21 - node 20) for 

element 20. Due to the complexity of determining the exact number of elements that 

share a common edge, a Fortran program {F0AM2) was developed. F0AM2, when 

executed, opens the finite element output file and reads the element connectivity chart 

and stores each element and its node numbers in a two-dimensional array. Then, for 

each element, the program identifies which nodes define the four (4) edges. Finally, the 

program searches the remaining elements forwards and backward for an edge defined by 

the same two nodes. The common edge connectivity results for the final closed-cell 

{shell element) models are presented in Table 4.11. Utilizing these values. Equation 4.6, 

and the weight density of the solid parent material, the weight of each closed-cell shell 
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element model was corrected. Furthennore, the weight of each closed-cell (shell and 

beam element) model can be corrected by combining Equations 4.1 and 4.6. and using 

the values presented in Tables 4.1 and 4.11. The FEA weight, the corrected weight and 

the relative density for each analysis is presented in Table 4.12. 

Model Model Number of Face Connectivity 

No. Description Shell Z1=3 Zt=4 
Elements 

3 Closed-Cell Cubic 6400 5616 904 

6 Closed-Cell 11096 10082 0 
T etrakaidecahedra 

11 Closed-Cell 2102 1044 0 
Tetrakaidecahedra (Shear) 

Table 4.11 FEA Edge Connectivity 

4.6 

where: 

CWT = corrected weight 

WT FEA = weight from FEA analysis 

tr = cell face thickness 

Z0 = number of three (3) edge connections 

Zr4 = number of four ( 4) edge connections 

WDsolid = weight density of solid parent material 
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Face Edge FEA Corrected Model Model Size Thick- Thick- Weight Weight 
Relative 

No. (in) ness ness Density 
(in) (in) 

(lbs) (lbs) 
-

"') 0.8 X 0.8 X 0.8 0.0020 0.0 0.00336000 0.00328205 0.061 .) 

"') 0.8 X 0.8 X 0.8 0.0030 0.0 0.00504000 0.00486461 0.090 .) 

"') 0.8 X 0.8 X 0.8 0.0045 0.0 0.00756000 0.00716537 0.133 .) 

3 0.8 X 0.8 X 0.8 0.0060 0.0 0.01008000 0.00937843 0.174 

4 0.8 X 0.8 X 0.8 0.0016 0.0100 0.00558180 0.00527025 0.098 

4 0.8 X 0.8 X 0.8 0.0026 0.0128 0.00910920 0.00842872 0.157 

4 0.8 X 0.8 X 0.8 0.0035 0.0150 0.01239105 0.01126922 0.210 

4 0.8 X 0.8 X 0.8 0.0046 0.0175 0.01659026 0.01477556 0.275 

7 0.8 X 0.8 X 0.8 0.0020 0.0 0.00355568 0.00348082 0.065 

7 0.8 X 0.8 X 0.8 0.0030 0.0 0.00533344 0.00516502 0.096 

7 0.8 X 0.8 X 0.8 0.0045 0.0 0.00800108 0.00762213 0.142 

7 0.8 X 0.8 X 0.8 0.0060 0.0 0.01066690 0.00999320 0.186 

7 0.8 X 0.8 X 0.8 0.0070 0.0 0.01244420 0.01152723 0.214 

8 0.8 X 0.8 X 0.8 0.0010 0.0063 0.00370171 0.00352169 0.066 

8 0.8 X 0.8 X 0.8 0.0020 0.0090 0.00748323 0.00693808 0.129 

8 0.8 X 0.8 X 0.8 0.0025 0.0102 0.00948898 0.00868741 0.162 

8 0.8 X 0.8 X 0.8 0.0030 0.0113 0.01151880 0.01041953 0.1 94 

8 0.8 X 0.8 X 0.8 0.0005 0.0090 0.00481543 0.00434046 0.081 

8 0.8 X 0.8 X 0.8 0.0008 0.0118 0.00817081 0.00709888 0.132 

8 0.8 X 0.8 X 0.8 0.0010 0.0135 0.01061270 0.00900675 0.168 

8 0.8 X 0.8 X 0.8 0.0013 0.0152 0.01350750 0.01121034 0.209 

11 1.0 X 1.0 X 0.1 0.0020 0.0 0.00067713 0.00066937 0.064 

11 1.0 X 1.0 X 0.1 0.0030 0.0 0.00101568 0.00099824 0.095 

11 1.0 X 1.0 X 0.] 0.0045 0.0 0.00152351 0.00148427 0.1 41 

11 1.0x 1.0x0.1 0.0060 0.0 0.00203135 0.00196159 0.187 

11 1.0x 1.0x0.1 0.0070 0.0 0.00236985 0.00227490 0.217 

Table 4.12 Closed-Cell Density Results 
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Relative density convergence plots for both the closed-cell cubic array and the 

closed-cell tetrakaidecahedra array are presented in Figures 4.34 and 4.35. The data 

points represent the FEA results for a cell face thickness of 0.0060, 0.0045, and 0.0030 

inches, respectively. Convergence plots are not presented for the closed-cell, shell and 

beam models since the shell models, as well as the beam models previously discussed, 

converged .  A legend of  the  var ious  curves  i s  presented  wi th  each  p lo t .  The  curves  wi th  

data points included represent the FEA results, whereas the horizontal lines reflect the 

relative density values predicted by Gibson and Ashby. The order of the legend (top to 

bottom) is representative of the order of the curve groups presented in each plot. 

The relative densities and constants of proportionality predicted by Gibson and 

Ashby, as well as the FEA results, are presented in Tables 4.13 and 4.14. The FEA 

results are the same as those presented in Table 4.12 and represent the endpoint of each 

curve shown in Figures 4.34 and 4.35. Additionally, the relative density results for the 

beam and shell models are presented in Table 4.15. As previously mentioned, these 

models were developed to characterize which is easily determined by dividing the 

corrected weight of the edges by the corrected weight of the foam system. For 

comparative purposes, values of ^ determined from Equation 1.5 are presented with the 

FEA results. A complete discussion of these values is presented in Chapter 5. 



0.25 

0.2 

~ .15 ·en 
C 
Q) 

0 
Q) 

> 
~ 
m 
n:: 0.1 

0.05 

0 
100 

., ..... ---...._ ...__ 
-.Ii£... 

'1L ..____ - .,, 

h.t... 
~ 

1000 

FEA Degrees of Freedom 

FEA Data Points (Cell Face Thickness= 0.0060) 
FEA Data Points (Cell Face Thickness= 0.0045) 
FEA Data Points (Cell Face Thickness= 0.0030) 
Relative Density (Ashby = 0.180) 
Relative Density (Ashby = 0.135) 
Relative Density (Ashby= 0.090) 

-
.,, --
-, 

. . 

-

Figure 4.34 Closed-Cell Cubic Array Relative Density Plot 

Face Relative Constant of Relative Constant of 
Thickness Density Proportionality Density Proportionality 

(in) (Ashby) (Ashby) (FEA) (FEA) 
0.0060 0.180 3.00 0.174 2.91 
0.0045 0.135 3.00 0.133 2.96 
0.0030 0.090 3.00 0.090 3.02 

Table 4.13 Closed-Cell Cubic Array Relative Density Comparison 
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Figure 4.35 Tet. Array Relative Density Convergence Plot 

Face Relative Constant of Relative Constant of 
Thickness Density Proportionality Density Proportionality 

(in) (Ashby) (Ashby) (FEA) (FEA) 
0.0060 0.105 0.62 0.186 1.10 
0.0045 0.079 0.62 0.142 1.11 
0.0030 0.053 0.62 0.096 1.13 

Table 4.14 Tetrakaidecahedra Array Relative Density Comparison 
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Closed-Cell Cubic Array 

Face Edge 
4> 

Relative 
<I> 

Relative 
Thickness Thickness (Ashby) Density (FEA) 

Density 
(in) (in) (Ashby) (FEA) 

0.0016 0.0100 0.45 0.088 0.50 - 0.098 

0.0026 0.0128 0.46 0.144 0.50 0.157 

0.0035 0.0150 0.46 0.195 0.50 0.210 

0.0046 0.0175 0.47 0.260 0.50 0.275 

Closed-Cell Tetrakaidecahedra Array 

Face Edge 
<I> 

Relative 
<I> 

Relative 
Thickness Thickness (Ashby) 

Density (F_EA) Density 
(in) (in) (Ashby) (FEA) 

0.0010 0.0063 0.66 0.051 0.50 0.066 

0.0020 0.0090 0.66 0.104 0.50 0.129 

0.0025 0.0102 0.67 0.132 0.50 0.162 

0.0030 0.0113 0.67 0.161 0.50 0.194 

0.0005 0.0090 0.89 0.077 0.80 0.081 

0.0008 0.0118 0.89 0.132 0.80 0.132 

0.0010 0.0135 0.90 0.172 0.80 0.168 

0.0013 0.0152 0.90 0.219 0.80 0.209 

Table 4.15 Closed-Cell Phi Comparison 

The procedures for determining the elastic modulus and the shear modulus are 

identical to those previously discussed for the open-cell models. The modulii results for 

all the final closed-cell models are presented in Table 4.16. Likewise, a relative elastic 

modulus convergence plot for each cell geometry is presented in Figures 4.36 and 4.37. 

Additionally, comparisons of the normalized modulii results with values predicted by 

Gibson and Ashby are presented in Tables 4.17, 4.18, 4.19 and 4.20. 
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Face Edge 
Top Surface Nominal Elastic 

Model Model Size Thick- Thick-
Displacement Strain Modulus 

No. (in) ness ness 
(in) (in/in) Qbs/in2

) 
(in) (in) 

3 0.8 X 0.8 x0.8 0.0020 0.0 -0.000086813 -0.00010852 460762 

3 0.8 X 0.8 X 0.8 0.0030 0.0 -0.000057728 -0.00007216 692901 

3 0.8 X 0.8 X 0.8 0.0045 0.0 -0.000038277 -0 .00004 785 1045006 
,., 

0.8 X 0.8 X 0.8 0.0060 0.0 -0.000028507 -0.00003563 1403149 ., 
4 0.8 x0.8 X 0.8 0.0016 0.0100 -0.000099532 -0.00012442 401881 

4 0.8 x0.8 x0.8 0.0026 0.0128 -0.000059889 -0.00007486 667902 

4 0.8 x0.8 x0.8 0.0035 0.0150 -0.000043617 -0.00005452 917074 

4 0.8 X 0.8 x0.8 0.0046 0.0175 -0.000032385 -0 . 00004048 1235140 

7 0.8 X 0.8 X 0.8 0.0020 0.0 -0.000110410 -0.00013801 362286 

7 0.8 X 0.8 X 0.8 0.0030 0.0 -0 .000073268 -0.00009159 545941 

7 0.8 X 0.8 X 0.8 0.0045 0.0 -0 .000048394 -0.00006049 826549 

7 0.8 X 0.8 X 0.8 0.0060 0.0 -0 . 00003 5 864 -0 .00004483 1115325 

7 0.8 x0.8 X 0.8 0.0070 0.0 -0.000030452 -0.00003807 1313543 

8 0.8 X 0.8 x0.8 0.0010 0.0063 -0 .000195927 -0.00024491 204158 

8 0.8 X 0.8 X 0.8 0.0020 0.0090 -0 .000094578 -0.00011822 422931 

8 0.8 X 0.8 x0.8 0.0025 0.0102 -0.000074169 -0. 000092 71 539309 

8 0.8 X 0.8 X 0.8 0.0030 0.0113 -0. 000060640 -0. 00007 5 80 659631 

8 0.8 X 0.8 X 0.8 0.0005 0.0090 -0.000287435 -0.00035929 139162 

8 0.8 X 0.8 X 0.8 0.0008 0.0118 -0.000156140 -0 .00019518 256180 

8 0.8 X 0.8 X 0.8 0.0010 0.0135 -0.000114 727 -0 .00014341 348654 

8 0.8 x0.8 X 0.8 0.0013 0.0152 -0 .000084139 -0.00010517 475404 

Face Edge Top Surface Shear Strain Shear 
Model Model Size Thick- Thick- Displacement (radians) Modulus 

No. (in) ness ness (in) (]bs/in2
) 

(in) (in) 

11 1.0 X 1.0 X 0.1 0.0020 0.0 0.000343480 0.000343480 145569 

11 1.0 X 1.0 X 0.1 0.0030 0.0 0.000228423 0.000228423 218892 

11 1.0 X 1.0 X 0.1 0.0045 0.0 0.000152229 0.000152229 328453 

11 1.0 X 1.0 X 0.1 0.0060 0.0 0.000114553 0.000114553 436479 

11 1.0 X 1.0 X 0.1 0.0070 0.0 0.000098541 0.000098541 507405 

Table 4.16 Closed-Cell Modulii Results 
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Figure 4.36 Closed-Cell Cub. Relative Elastic Modulus Convergence Plot 

Face Relative Constant of Relative Constant of 
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Thickness Elastic Proportionality Elastic Proportionality 
(in) Modulus (Ashby) Modulus (FEA) 

(Ashby) (FEA) 
0.0060 0.1745 1.00 0.0850 0.487 
0.0045 0.1333 1.00 0.0633 0.475 
0.0030 0.0905 1.00 0.0420 0.464 

Table 4.17 Closed-Cell Cubic Relative Elastic Modulus Comparison 
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Figure 4.37 Closed-Cell Tet. Relative Elastic Modulus Convergence Plot 
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Thickness Elastic Proportionality Elastic Proportionality 
(in) Modulus (Ashby) Modulus (FEA) 

(Ashby) (FEA) 
0.0060 0.1 859 1.00 0.0676 0.364 
0.0045 0.141 8 1.00 0.0501 0.353 
0.0030 0.0961 1.00 0.0331 0.344 

Table 4.1 8 Closed-Cell Tet. Relative Elastic Modulus Comparison 
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Closed-Cell Cubic Array 

Face Edge Relative Relative Constant of 
<I> Elastic Elastic Proportionality Thickness Thickness (FEA) 

(in) (in) Modulus Modulus (FEA) 
(Ashby) (FEA) -· 

0.0016 0.0100 0.50 0.0515 0.0244 0.473 

0.0026 0.0128 0.50 0.0849 0.0405 0.477 

0.0035 0.0150 0.50 0.1159 0.0556 0.480 

0.0046 0.0175 0.50 0.1553 0.0749 0.482 

Closed-Cell Tetrakaidecahedra Array 

Face Edge Relative Relative Constant of 
<I> Elastic Elastic Thickness Thickness (FEA) Proportionality 

(in) (in) Modulus Modulus (FEA) 
(Ashby) (FEA) 

0.0010 0.0063 0.50 0.0338 0.0124 0.366 

0.0020 0.0090 0.50 0.0689 0.0256 0.372 

0.0025 0.0102 0.50 0.0871 0.0327 0.375 

0.0030 0.0113 0.50 0.1056 0.0400 0.379 

0.0005 0.0090 0.80 0.0206 0.0084 0.410 

0.0008 0.0118 0.80 0.0374 0.0155 0.415 

0.0010 0.0135 0.80 0.0509 0.0211 0.415 

0.0013 0.0152 0.80 0.0700 0.0288 0.412 

Table 4.19 Shell and Beam Model Relative Elastic Modulus Comparison 

Face Relative Constant of Relative Constant of 
Thickness Shear Proportionality Shear Proportionality 

(in) Modulus (Ashby) Modulus (FEA) 
(Ashby) (FEA) 

0.0070 0.0812 0.375 0.0308 0.142 
0.0060 0.0701 0.375 0.0265 0.142 
0.0045 0.0530 0.375 0.0199 0.141 
0.0030 0.0357 0.375 0.0133 0.140 
0.0020 0.0239 0.375 0.0088 0.138 

Table 4.20 Closed-Cell Tet. Relative Shear Modulus Comparison 
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Employing the same procedure developed for the open-cell finite element results, 

a power equation was fitted to the closed-cell data previously discussed. The power 

equation ranked sixth for both cubic array elastic modulii results ((f) - 0.0 and ^ 0.50) 

with a coefficient of determination of 0.9999. Furthermore, the power equation ranked 

si.xth for two (2) of the tetrakaidecahedra elastic modulus results 0.0 and ^ O.HO) 

with a coefficient of determination of 0.9997 and 0.9989, respectively. For the other 

tetrakaidecahedra elastic modulii data ((f> = 0.50), the power equation ranked first with a 

goodness of fit of 1.0000. In all but two (2) cases, the power equation was the highest 

ranking two (2) parameter equation.. However, for the cubic array ((p ' 0.0) and the 

tetrakaidecahedra array ((j) = 0.0), the rectangular hyperbola ranked slightly higher. A 

plot of each power equation is presented in Figures 4.38 - 4.42, as well as the 

corresponding equation which best characterizes the relative elastic modulus. 

The power equation ranked seventh for the tetrakaidecahedra shear modulii data 

with a goodness of fit of 0.9999. In this case, the power equation was the highest 

ranking two (2) parameter equation. A plot of the best fit power equation is presented in 

Figure 4.43. Equation 4.12 best characterizes the FEA shear modulii results for the 

tetrakaidecahedron cell geometry. 
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Utilizing the same procedures developed for the open-cell models, lateral 

defonnations were measured and Poisson' s ratio was established for each closed-cell 

analysis. Poisson's ratio results for the final closed-cell, compression models are 

presented in Table 4 .21. 

Closed-Cell Cubic Array 

Model Model Size Relative Lateral Lateral Strain Poisson's 
No. (in) Density Displacement (in/in) Ratio 

(FEA) (in) 

3 0.8 x0.8 x0.8 0.061 0.000008597 0.000010724 0.079 
..., 

0.8 x0.8 x0.8 0.090 0.000005691 0. 000007114 0.079 .) 

3 0.8 X 0.8 X 0.8 0.133 0.000003757 0.000004696 0.079 

3 0.8 x0.8 X 0.8 0.174 0. 000002 784 0.000003480 0.078 

4 0.8 X 0.8 X 0.8 0.098 0. 000006826 0.000008533 0.055 

4 0.8 X 0.8 x0.8 0.157 0. 000004086 0.000005108 0.055 

4 0.8 X 0.8 X 0.8 0.210 0.000002958 0.000003698 0.054 

4 0.8 X 0.8 X 0.8 0.275 0.000002179 0. 000002 724 0.054 

Closed-Cell Tetrakaidecahedra Array 

Model Model Size Relative Lateral Lateral Strain Poisson's 
No. (in) Density Displacement (in/in) Ratio 

(FEA) (in) 

7 0.8 X 0.8 X 0.8 0.065 0.000036227 0.000045284 0.262 

7 0.8 x0.8 x0.8 0.096 0.000023992 0.000029990 0.262 

7 0.8 X 0.8 X 0.8 0.142 0.000015779 0.000019724 0.261 

7 0.8 x0.8 X 0.8 0.186 0.000011627 0.000014534 0.259 

7 0.8 X 0.8 X 0.8 0.214 0.000009827 0.000012284 0.258 

8 0.8 X 0.8 X 0.8 0.066 0.000070336 0.000087920 0.287 

8 0.8 x0.8 x0.8 0.129 0.000033561 0.000041951 0.284 

8 0.8 X 0.8 X 0.8 0.162 0. 000026186 0.000032733 0.282 

8 0.8 X 0.8 X 0.8 0.194 0.000021298 0.000026623 0.281 

8 0.8 X 0.8 X 0.8 0.081 0.000113318 0.000141648 0.315 

8 0.8 X 0.8 X 0.8 0.132 0.000059881 0.000074851 0.307 

8 0.8 X 0.8 X 0.8 0.168 0.000043224 0.000054030 0.301 

8 0.8 X 0.8 X 0.8 0.209 0.000031026 0.000038783 0.295 

Table 4.21 Closed-Cell Poisson's Ratio Results 
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As shown in Table 4.21 , Poisson' s ratio is approximately 0.80 for the cubic array 

(shell element) model. The addition of the beam elements in Model 4 caused Poisson 's 

ratio to decrease slightly. This is consistent with the open-cell results, in which 

Poisson ' s ratio for all practical purposes, is zero. Likewise, depending on the value of 

phi, Poisson's ratio ranged from approximately 0.26 to 0.31 for the tetrakaidecahedra 

array. However, in this case, the addition of the beam elements caused Poisson's ratio to 

increase slightly. Again, this is consistent with the open-cell results. The influence of 

cell shape on Poisson' s ratio is discussed in more detail in Chapter 5. 

For comparative purposes, Poisson' s ratio can be determined from the elastic 

modulus and the shear modulus results. Using Equation 4.5 and the results from Table 

4.16, Poisson' s ratio was derived for the tetrakaidecahedron cell shape. The results are 

presented below in Table 4.22. 

Face Average Elastic Modulus Shear Modulus Poisson's 
Thickness Relative (lbs/in2

) (lbs/in2
) Ratio 

(in) Density 
0.0020 0.065 362286 145569 0.244 
0.0030 0.096 545941 218892 0.247 
0.0045 0.142 826549 328453 0.258 
0.0060 0.187 1115325 436479 0.278 
0.0070 0.216 1313543 507405 0.294 

Table 4.22 Poisson's Ratio For Closed-Cell Tetrakaidecahedra 

The average value for Poisson' s ratio derived in this manner is 0.264 which agrees 

favorably with the results from the tetrakaidecahedra shell model (Model 7 Table 4.21) 

in which the average is 0.260. 
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An overview of the foam material characterizations developed throughout 

Chapter 4 is presented in Table 4 .23. 

Elastic Modulus 

Open-Cell Cubic Array 
1.761 

E r = 0.2699£1:_ v = 0.011 
E s Ps 

Open-Cell Tetrakaidecahedra Array 

Closed-Cell Cubic Array $ = 0.0 
1.060 

Er = 0.5408£1:_ 0 0 9 V= . 7 
Es Ps 

Closed-Cell Tetrakaidecahedra Array$ = 0.0 
1.078 

E r =0.4151£1:_ v=0.260 
Es Ps 

Closed-Cell Cubic Array$ = 0.50 
1.088 

E r = 0.3040£.i_ v = 0.055 
Es Ps 

Closed-Cell Tetrakaidecahedra Array$ = 0.50 
1.086 

E r = 0.2367 £L v = 0.284 
E s Ps 

Closed-Cell Tetrakaidecahedra Array$ = 0.80 
l.288 

E f = 0.2131£..L O ....,0 V = .-' 5 
Es Ps 

Shear Modulus 

Closed-Cell Tetrakaidecahedra Array$ = 0.00 

Open-Cell Tetrakaidecahedra Array 
1.913 

G r = 0.1482 £L v = 0.396 
E s Ps 

Table 4 .23 FEA Resu]ts Overview 
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CHAPTERS 

RESULTS COMPARISON 

The focus of Chapter 5 is to compare the physical test results with the FEA 

results and the material characterizations proposed by Gibson and Ashby. To simplify 

the comparison and provide greater insight into the characterization of cellular foam 

materials, the relevant sections of Gibson and Ashby's work will be discussed first and 

compared with the FEA results. The FEA results will then be compared with the 

physical test data. 

I DENSITY SCALING LAWS 

The relative density scaling laws proposed by Gibson and Ashby are of 

fundamental importance in the derivation of the strength and stiffness characterizations. 

The open-cell relationship. Equation 1.1, and the closed-cell relationship. Equation 1.2 

both include a constant of proportionality that depends on cell shape and is reported to 

be near unity. Additionally, Gibson and Ashby proposed a single relationship. Equation 

1.6 {shown below), which is used to approximate the relative density of open and closed-

cell foams. Knowing the cell edge thickness, the cell face thickness and various 

geometric parameters, the approximate relative density of a foam can be determined. 
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Due to the fundamental importance of these relationships, the finite element models 

were used to evaluate the relative density scaling laws and the constants of 

proportionality. 

For the cubic array geometry {square prisms) = 6, Zf = 4, n = 4, and f = 6. 

C3 is constant relating the cell volume to 1^. If the aspect ratio of the cell is 1.00, then 

also equals 1.00. Substituting these values into Equation 1.6 yields a constant of 

proportionality of 3.00 for both open- and closed-cell geometries. These values are also 

supported by Gibson and Ashby (1988, Table 2.2, page 33). This, however, is not 

accurate for the staggered cubic array geometry used in the finite element model. In this 

case, Ze = 5, Zf = 3, n = 4 and f = 6, which leads to a constant of proportionality' of 

4.00 for the open-cell model and 3.00 for the closed-cell model. Relative density 

constants of proportionality for the open-cell cubic are compared with the FEA results in 

Figure 4.15 and Table 4.3. The derived constants underestimate the relative densities 

determined from the finite element analyses by approximately 13% to 16®'o. As 

expected, the deviation from the proposed constants increases as the relative density-

increases. Similarly, constants of proportionality for the closed-cell cubic are compared 

with the FEA results in Figure 4.34 and Table 4.13. In this case, the derived constant is. 

for all practical purposes, the same as the FEA result at a relative density of 9°o. At 

higher densities, the FEA results converge slightly below the derived constants. This is 

due to the fact that the weight density of the FEA models was corrected at the comers 

and edges. As previously discussed. Equation 1.6 overestimates the density because the 
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comers and edges are counted twice. As expected, the error is insignificant at low 

relative densities and increases as the density increases. 

More important are the derived constants of proportionality for the 

tetrakaidecahedron cell shape. Since the tetrakaidecahedron cell shape will pack to fill 

three-dimensional space, the geometric values are the same for the FEA model. The 

geometric values are = 4, Zf =3, n = 5.14 and f = 14. However, in this case C-, is 

equal to 11.31. Substituting these values into Equation 1.6 yields a constant of 

proportionality of 1.06 for the open-cell geometry and 0.62 for the closed-cell geometry. 

The open-cell constant is identical to that proposed by Gibson and Ashby {19H8, Tahlc 

2.2, page 33); however, the closed-cell constant is reported to be 1.18. A value of 1.18 

is not consistent with other equations presented by Gibson and Ashby and is assumed to 

be an error. Relative density constants of proportionality for the open-cell 

tetrakaidecahedra are compared with the FEA results in Figure 4.16 and Table 4.4. The 

derived constants overestimate the relative densities obtained from the finite element 

analyses by approximately 9% to 18%. Similarly, constants of proportionality for the 

closed-cell tetrakaidecahedra are compared with the FEA results in Figure 4.35 and 

Table 4.14. In this case, the derived constants underestimate the FEA relative densities 

by as much as 45%. It should be noted that the average constant of proportionality from 

the FEA model is 1.11. This value supports the constant reported by Gibson and Ashby 

which was found to be inconsistent with Equation 1.6. 
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With the exception of the closed-cell tetrakaidecahedra array, the examined 

relative density constants of proportionality proposed by Gibson and Ashby are in 

reasonable agreement with the FEA results. 

II MODULII EQUATIONS 

The derivations ( Chapter I) demonstrate that the modulii relationships for open-

cell foams should scale with (t/1)2 and that the modulii relationships for closed-cell 

foams should scale with (t/1). This is due to the inclusion of the relative density 

relationships previously discussed. Gibson and Ashby' s final equations, shown below 

for reference, also include constants of proportionality. The elastic modulii constants 

are 1.00 and the shear modulii constants are 0.375. 

Elastic Modulus Open-Cell Foams 

Shear Modulus Open-Cell Foams G .r - 3(Pr)2 ----
E s 8 Ps 

Elastic Modulus Closed-Cell Foams 

Shear Modulus Closed-Cell Foams ~ = ~[~ 2 (£.L) 2 + (1- <I> )£..L] 
E s 8 Ps Ps 

These constants were obtained from physical tests on foam materials. Although test 

results for a few metals and glasses were included, the majority of the test results came 

from polymers, such as polyethylene and polyurethane. Furthermore, many of the test 
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results for glass were above 30% relative density, the density at which there 1s a 

transition from a cellular structure to that of a solid containing ho]es. 

The finite element models were again used to determine the validity of the 

scaling laws and evaluate the associated constants of proportionality. The modulii data 

from the finite element analyses were normalized with respect to the elastic modulus of 

the parent material and plotted against relative density. As discussed in Chapter 4, a 

power equation was fitted to the data points and the best fit parameters detennined. 

Equations 4.2, 4.3, and 4.4 best characterize the modulii relationships for the open-cell 

cubic and the open-cell tetrakaidecahedra. The coefficient and exponent for each 

equation is presented in Table 5 .1. 

FEA Analysis Equation Equation 
I. Coefficient Exponent 

Elastic Modulus Open-Cell Cubic 0.2699 1.761 

Elastic Modulus Open-Cell Tetrakaidecahedra 0.3718 1.812 

Shear Modulus Open-Cell Tetrakaidecahedra 0.1482 1.913 

Table 5 .1 Open-Cell Modulii Parameters 

As shown in the above table, the exponents are very close to a value of 2.0, 

which suggest that the open-cell scaling law proposed by Gibson and Ashby is correct. 

The coefficients, on the other hand, are less than one half the suggested values. The 

value of the coefficient will change slightly if the exponent is adjusted to a value of 2.0. 

However, as indicated in Chapter 4, the coefficient values will still be much less than 

those predicted by Gibson and Ashby. The modulii constants of proportionality are 

compared with the FEA results in Tables 4.6, 4.7, and 4.8. In each case, the FEA 
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constant of proportionality is the constant required to fit the FEA result to the modulus 

characterization proposed by Gibson and Ashby and is based on the relative density 

obtained from the FEA model. As shown in the referenced tables, the constants 

obtained from the finite element analyses are approximately one half the value predicted 

by Gibson and Ashby when the exponent is 2. 00. 

Similarly, Equations 4.7 - 4.12 best characterize the modulii relationships for the 

closed-cell cubic and the closed-cell tetrakaidecahedra. The coefficient and exponent 

for each equation is presented in Table 5.2. 

FEA Analysis Equation Equation 
Coefficient Exponent 

Elastic Modulus Closed-Cell Cubic 0.5408 1.060 

Elastic Modulus Closed-Cell Cubic ( ~ = 0.5) 0.3040 1.088 

Elastic Modulus Closed-Cell Tetrakaidecahedra 0.4151 1.078 

Elastic Modulus Closed-Cell Tetrakaidecahedra (~ = 0.5) 0.2367 1.086 

Elastic Modulus Closed-Cell Tetrakaidecahedra (~ = 0.8) 0.2131 1.288 

Shear Modulus Closed-Cell Tetrakaidecahedra 0.1470 1.023 

Table 5 .2 Closed-Cell Modulii Parameters 

As shown in the above table, the exponents are approximately 1.0 when phi is 

equal to zero, which suggests that the closed-cell scaling law proposed by Gibson and 

Ashby is correct. Similar to the open-cell results, the coefficients, are substantially less 

than the suggested values. Tables 4.17 - 4.20 compare the modulii constants of 

proportionality with the FEA results. Each FEA constant of proportionality is again the 

constant required to fit the FEA result to the modulus characterization proposed by 

Gibson and Ashby and is based on the relative density obtained from the FEA model. In 



all cases, the constants obtained from the finite element analyses are less than one half 

the values predicted by Gibson and Ashby. 

When phi is greater than zero, the modulii characterization contains both open-

cell and closed-cell terms. Therefore, it is reasonable to assume that as phi approaches 

1.0, a closed-cell foam could be approximated by that of an open-cell foam. However, 

accurate determination of phi is difficult at best and, as indicated by the results (Table 

5.2), phi must be nearly 1.0 before the open-cell approximation is valid. The 

coefficients and exponents presented in Table 5.2 are for a two (2) parameter power 

equation which has no provision for including phi. Comparing the tetrakaidecahedra 

geometry = 0.0 and (j) = 0.5), the exponent changed only slightly; however, the 

coefficient decreased 43%. Increasing phi to 0.80 caused the exponent to increase an 

additional 18% and the coefficient to decrease an additional 10%. Additionally, it 

should be noted that when phi equals 0.80, the cell edges are approximately fifteen (15) 

times greater than the cell face thickness. A difference which should be visible when 

examining the foam's surface. The effects of phi are best shown in Figures 5.1 and 5.2 

in which the elastic modulii characterizations for the cubic and tetrakaidecahedron cell 

shape are presented. 
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As shown in Figures 5.1 and 5.2, when 0.0 < (j) < 0.8, the change in the slope is 

insignificant. Therefore, the use of the closed-cell ((j) = 0.0) equation should be valid 

when phi is less than 0.80. Changing the equation coefficient should lead to the correct 

results. Additionally, based on the FEA results, use of the power equation is valid for 

modulii characterizations. Open-cell foams scale with (t/1)" and closed-cell foams scale 

with (t/1). The proposed constants of proportionality, however, overestimate the modulii 

a minimum of 50%. 

Ill EFFECTS OF CELL SHAPE 

Gibson and Ashby state that the single most important characteristic of a cellular 

foam is the relative density. Furthermore, they state mechanical properties depend on 

cell shape. For this reason, as well as others, two cell shapes (cubic and 

tetrakaidecahedra) were included in most analyses. The shape of the cells is 

dramatically different and intuitively one would think the results should also be 

significantly different. The effect of cell shape on the relative elastic modulus is 

presented in Figure 5.3. As shown in Figure 5.3, cell shape has little effect on the elastic 

modulus. The differences in the exponents are indistinguishable and the separation 

between the curve groups is based on the differences in the coefficients. Although cell 

shape has an effect on the relative modulus, the effect is minimal when compared to the 

effects of relative density. 
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The effect of cell shape on Poisson's ratio is shown in Figure 5.4. The data 

points were obtained from the compression models and the average values are presented 

in Table 5.3, as well as Figure 5.4. Cell shape has a tremendous effect on Poisson' s 

ratio. As shown in Figure 5.3, Poisson' s ratio varies from approximately 0.0 to 0.4 

depending on cell shape. In all cases, Poisson' s ratio decreased as the density increased. 

With the exception of the open-cell tetrakaidecahedra, the variations were insignificant. 
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CelJ Geometry Average Poisson's Ratio 

Open-Cell Tetrakaidecahedra 0.396 

Closed-Cell Tetrakaidecahedra <I> = 0.50 0.284 

Closed-Cell Tetrakaidecahedra <I> = 0.0 0.264 

Closed-Cell Cubic <I> = 0. 0 0.079 

Closed-Cell Cubic <I> = 0.50 0.055 

Open-Cell Cubic 0.011 

Table 5.3 Average Poisson's Ratio 
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Gibson and Ashby report that Poisson's ratio is dependent on cell shape and is 

independent of relative density. Additionally, they discuss the variability of this 

property and suggest an average value of 0.33. The data supporting this value came 

entirely from open- and closed-cell polymers. 

The FEA results indicate that Poisson's ratio is dependent on the relative density, 

although from a practical standpoint the dependency could be disregarded. Additionally, 

the FEA results indicate that open-cell foams should be considered separately from 

closed-cell foams. Assuming the tetrakaidecahedron geometry can be used to typity-

many foams, Poisson's ratio should be approximately 0.4 for open-cell structures and 

less than 0.3 for closed-cell structures. 

rv ISOTROPY 

Most man-made foams are anisotropic, especially in a microscopic sense. 

However, due to random directionality and generally uniform cell shape, many man-

made foams are believed to behave isotropically in a macroscopic sense. For this to be 

true, the cells should be generally equiaxed. If the cells are elongated or flattened in any 

direction, the foam material will not be isotropic. Furthermore for an isotropic 

relationship to exist, the exponent should be the same for the elastic modulus and the 

shear modulus characterization. The curve for the elastic modulus and the curve for the 

shear modulus should be separated by a constant. This criteria was used to evaluate the 

FEA results and provide additional insight into the value of Poisson's ratio. Based on 



170 

the FEA results, equation parameters are suggested for the tetrakaidecahedron geometry 

in Figures 5.5 and 5.6. 
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As shown in Figures 5.5 and 5.6, adjusting the exponent to the proposed value has little 

effect on the fit of the curve to the data points. Additionally, the use of these parameters 

establishes an isotropic relationship between the elastic modulus and the shear modulus. 

V COMPARISON WITH TEST RESULTS 

Before comparing the FEA results with the test results presented in Chapter 3, it 

would be beneficial to present a set of proposed design curves for the tetrakaidecahedron 

geometry. The curves, presented in Figure 5.7, characterize the relative elastic modulii 

for the tetrakaidecahedron cell shape. They are based on the FEA results and concepts 

previously discussed. 

The modulii characterizations developed from the test results are in excellent 

agreement with the FEA results. The elastic modulus characterization. Equation 3.6, has 

an exponent of 0.9982 and a coefficient of 0.2741. Likewise, the shear modulus 

characterization. Equation 3.7, has an exponent of 1.166 and a coefficient of O.l 112. 

Poisson's ratio was determined to be approximately 0.287. These values are consistent 

with the characterizations presented in Figure 5.7. The test results for the elastic 

modulus and shear modulus, as well as the proposed design curves, are presented in 

Figure 5.8. 
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The proposed design curves, presented in Figure 5.8, can be characterized as 

follows: 

F _ 1.0 
-5-= 0.250^ 5.1 
E. Ps 

-^ = 0.096^ 5.2 
E. P. 

Furthermore, the proposed characterizations are separated by a constant which leads to a 

value of 0.30 for Poisson's ratio. 

The constant of proportionality for Equation 5.1, as well as the test results, 

indicate that phi is greater than zero. An increased thickness at the cell edges was 

observed when the SXA specimens were inspected. In reality, phi will most likei\ 

always be greater than zero in man-made foams. According to Gibson and Ashby. 

during foaming, surface tension draws solid into the edges leaving a thin face framed by 

thicker edges. In light of the FEA results, this is the most likely explanation for the 

elastic constant of proportionality determined from the test results. 

Based on the elastic modulus results, the shear modulii determined from physical 

testing does not agree with the value of Poisson's ratio determined from the compression 

tests. Although there was considerable variability in the results for Poisson's ratio, the 

most likely explanation is variability in the shear modulus results. Both are e.xtremely 

difficult to measure due to the magnitude of the strains. However, as detailed in Chapter 

3, shear strains measured on the compression diagonal were always less than the shear 
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strains measured on the tension diagonal. To provide a single modulus result for each 

test, the tension diagonal and the compression diagonal results were averaged together. 

Based on the FEA results, the shear modulus is slightly low when compared to the 

elastic modulus and the averaging is the most likely explanation for the discrepancy. 

Otherwise, Poisson's ratio obtained from physical test is in excellent agreement with the 

FEA results when phi equals 0.50. 

Based on the results from physical tests, the FEA results, and the preceding 

discussion, the modulii properties of SXA closed-cell foam between 10% and 20° b 

relative density can be characterized as follows: 

nr /-k  ̂̂  

— = 0250^ 
Es P. 

^ = 0.096^ 
E. Ps 

v = 0.30 

Physical tests were not performed on open-cell foams; however, prior research 

by Hagiwara and Green (1987) "Elastic Behavior of Open-Cell Alumina" supports the 

FEA results. Hagiwara and Green measured the elastic constants of three (3) open-cell 

aluminas using the resonant frequency method. They concluded that the density-

exponent was in excellent agreement with the theoretical work proposed by Gibson and 

Ashby. However, similar to the FEA results, the measured constants were found to be 
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less than the suggested constants. Linear regression of the test data showed that the 

modulii relationships for open-cell aluminas could be characterized as follows: 

E 1.93 

_ f = 0.303 EL_ 
Es Ps 

The exponents and coefficients are compared with the PEA results for the open-cell 

tetrakaidecahedron geometry in Table 5.4. 

Hagiwara and Green PEA 
Characterization 

Coefficient Exponent Coefficient Exponent 

Elastic Modulus 0.303 1.93 0.372 1.81 

Shear Modulus 0.142 1.99 0.147 1.91 

Table 5.4 Open-Cell Modulii Comparison 

As shown in Table 5.4, the equation parameters agree favorably with the PEA results for 

the open-cell tetrakaidecahedra. Furthermore, both suggest that the constants of 

proportionality are less than the values proposed by Gibson and Ashby. 

Hagiwara and Green observed that the alumina materials tested contained both 

open and closed-cell features. Additionally, it was observed that the cell edges were 

hollow and that all the materials contained porosity within the cell edges and faces . 

Based on the microstructure observations, it was hypothesized that these effects could be 

related to the disagreement with the proposed constants of proportionality. To test the 

effect of the porosity, a specimen was heat-treated in air at a variety of temperatures. 
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The goal was to increased the density of the cell edges and detennine if the elastic 

modulus would also increase. The results showed an increase in the elastic modulus 

above 1500°C, whereas the relative density changed only slightly. The initial test result 

indicated that elastic modulus can be dependent on the microstructure of the cell edges. 

Furthermore, Hagiwara and Green modified Gibson and Ashby' s theoretical 

development to account for the hollow nature of the cell edges. They concluded that the 

hollow nature of the edges is not a feasible explanation for the discrepancy in the test 

results and the proposed constants of proportionality. 

In light of the FEA results, it is evident that the open-cell geometries in general 

yield lower constants of proportionality. Although the microstructure of the cell edges 

may affect the geometric constants, the constants are less than unity as suggested by 

Gibson and Ashby. Based on the FEA results (after adjusting the coefficients to fit an 

exponent of 2. 0) and the preceding discussion, the modulii characterizations for open-

cell foams between 10% and 20% relative density are suggested to be: 

E 2.0 

_ f = o.soE..L 
Es Ps 

G 2.0 

_ f = 0.18E.!:_ 
Es Ps 

V = 0.40 



I7Q 

CHAPTER 6 

SUMMARY AND CONCLUSIONS 

The objectives of the research were to completely characterize the macroscopic 

modulii properties of closed-cell SXA cellular foam, to develop mathematically 

tractable equatior\s which characterizes the normalized modulii properties of the foamed 

material in terms of the relative density, and to recommend modulii relationships that 

could be used to establish the modulii properties of other foam materials. Physical tests 

were performed and finite element analyses were conducted to determine if the scaling 

laws and constants of proportionality proposed by Gibson and Ashby were valid for 

foamed metals. 

ASTM standards were researched and, for the most part, found inadequate for 

testing cellular foam materials. Compression, tension, and shear test methods were 

developed for foam materials. Physical tests were performed on thirty (30) specimens of 

two (2) densities to establish the mechanical properties of the foam. The test results 

were then normalized with respect to the parent material properties and plotted to 

determine the parameters of the best-fit power equations. Based on the test results, 

material characterizations were developed. 

A parametric study of cellular foams was performed to investigate the effects of 

cell geometry and the impact of cell geometry on the various constants of 

proportionality. Twenty-one (21) finite element models were built and sevent>' (70) 

analyses were performed to investigate the behavior of open and closed-cell foams. The 



180 

FEA results were also normalized with respect to the parent material properties and 

plotted to determine the parameters of the best-fit power equations. Based on the FEA 

results, material characterizations were developed. The FEA results were then 

compared with both the material characterizations and constants of proportionalit\ 

proposed by Gibson and Ashby and the test results. 

Generally, the theoretical density scaling laws and associated constants of 

proportionality proposed by Gibson and Ashby agreed favorably with the FEA results. 

Only the closed-cell tetrakaidecahedra varied significantly from the value predicted by 

Equation 1.6. However, as discussed in Chapter 5, there was a discrepancy in the value 

of this constant. The value was reported by Gibson and Ashby to be 1.18. but 

substitution of the quoted parameters into Equation 1.6 yielded a constant value of 0.62. 

The FEA results agreed favorably with the reported value of 1.18. 

The validity of the density scaling laws was also evident from the modulii 

results. In all cases, the equation exponents determined from both the test results and 

the FEA results agreed favorably with the theoretical predictions. Open-cell foams scale 

with (t/l)~ and closed-cell foams scale with (t/1). The proposed constants of 

proportionality, however, overestimated the modulii a minimum of 50%. The FEA 

results suggested that the elastic constant (O for closed-cell SXA foam should be 0.20 

< C < 0.35 when 0.0 < (j) < 0.50, whereas the test results suggested that the constant was 

approximately 0.25. Balancing the test results with the FEA results, the design 

characterizations for closed-cell, SXA foam should be; 
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c ^ 

-!- = 0.250^ 
Es Ps 

r « '0 
-5-= 0.096^ 
Es Ps 

v = 0.30 

when the relative density was less than 20%. These values should be appropriate for 

other closed-cell foams with similar characteristics. 

Furthermore, when 0.0 < (|) < 0.80, FEA results indicated that the simple closed-

cell characterization (<!> - 0.0) was valid and changing the constant of proportionalit\-

should lead to the correct results. For the tetrakaidecahedron cell shape, the constant of 

proportionality decreased as phi increased, whereas Poisson's ratio increased in value. 

The FEA results also indicated that Poisson's ratio is slightly dependent on 

relative density. In all analyses, Poisson's ratio decreased as the relative density of the 

foam system was increased. More importantly, Poisson's ratio varied significantly with 

cell shape. Poisson's ratio was found to be approximately 0.0 for the open-cell cubic 

and 0.40 for the open-cell tetrakaidecahedra. In addition, the FEA results indicated that 

Poisson's ratio for open-cell and closed-cell foams be considered separately. Based on 

the tetrakaidecahedron geometry, a value of 0.30 or less was appropriate for closed-cell 

foams, whereas a value of 0.40 was considered reasonable for open-cell foams. 

As discussed in Chapter 5, no test data were available for open-cell foams: 

however, research by Hagiwara and Green also concluded that the constants of 

proportionality were less than the values proposed by Gibson and Ashby. The modulii 
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results determined by Hagiwara and Green agreed favorably with the FEA results for the 

open-cell tetrakaidecahedron geometry. Based on the FEA results the following modulii 

characterizations should be appropriate for open-cell foams: 

= 0.500^ 
Es Ps 

r ^ -0 
—i- = 0.179^ 
Es Ps 

v = 0.40 
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APPENDIX A 

SXA Compression Specimen No. 1 
Combined Data 

Elastic Modulus = 543700 psi 

....,._~~-r-~~--.~~~-,--~~-.-~~-,.-~~--.~~~-,---' 
I 
0.00 0.02 0.01! 0.06 0.08 0.10 0.12 0.11! 

Strain (in/in) * 10-2 

Equation Coefficients (Y = a + bx) 

Goodness of Fit 
RR RC 

.9978 .9978 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

3.026 2.995 5.477 0.5841 11.19 
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Stress - Strain Diagram 
(S.x4 Compression Specimen No. 1) 

Strain (in/in) 

Relative Elastic Modulus 
Density Best Fit Line Through Combined Data 
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SXA Compression Specimen No. 2 
Combined Data 

Elastic Modulus = 656800 psi 

0.02 a.mt o.os 0.08 0.10 

Strain (in/in) * 10-2 

Equation Coefficients (Y = a + bx) 

0.12 

Coefficients Goodness of Fit 
Intercept (a) Slope (b) RR RC 

-6.688 I 656800 .9967 I .9966 

Specimen Data 

Specimen Specimen Specimen Specimen 
Width Thickness Length Weight 
(in.) (in.) (in.) (lbs.) 

3.004 3.006 5.482 0.6662 
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Stress - Strain Diagram 
(SXA Compression Specimen No. 2) 
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SXA Compression Specimen No. 3 
Combined Data 

0 
Elastic Modulus = 672000 psi 
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Width 
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Strain (in/in) * 10-2 

Equation Coefficients (Y = a + bx) 

Goodness of Fit 
RR RC 

.9933 .9932 

Specimen Data 

Specimen Specimen Specimen 
Thickness Length Weight 

(in.) (in.) (lbs.) 
3.006 5.492 0.5906 
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Stress - Strain Diagram 
(SXA Compression Specimen No. 3) 
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Stress - Strain Diagram 
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SXA Compression Specimen No. 1 
Combined Data Axial Stress Vs Lateral Strain 
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SXA Compression Specimen No. 2 
Combined Data Axial Stress Vs Lateral Strain 

Elastic Modulus = 2185000 psi 
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SXA Compression Specimen No. 9 
Combined Data Axial Stress Vs Lateral Strain 
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SXA Compression Specimen No. 10 
Combined Data Axial Stress Vs Lateral Strain 

Elastic Modulus = 2731000 psi 
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Equation Coefficients (Y = a + bx) 
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Coefficients Goodness of Fit 
Interce t (a Slo e (b) RR RC 
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Specimen Data 
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SXA Tension Specimen No. 6 
Combined Data 

Elastic Modulus = 818600 psi 

O-t-~~--.-~~-.-~~--,-~~--,~~~.--~~....-~~--.-___. 
C\I 

10.00 0.01 0.02 0.03 O.OY 0.05 0.06 0.01 

Strain (in/in) *10-2 

Equation Coefficients (Y = a + bx) 

Coefficients Goodness of Fit 
Intercept (a) Slope (b) RR RC 

-9.525 I 818600 .9953 I .9952 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 
1.504 1.502 5.493 0.2508 19.23 
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SXA Tension Specimen No. 7 
Combined Data 

Elastic Modulus= 855700 psi 

ci--~~~~~~~~~~~~~~~~~~~~~~--' 
C\I 

10.00 0.01 0.02 0.03 a.as o.os 0.07 

Strain (in/in) *10-2 

Equation Coefficients (Y = a + bx) 

Coefficients Goodness of Fit 
Intercept (a) Slope (b) RR RC 

-6.656 I 855700 .9953 I .9952 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 
1.507 1.503 5.483 0.2408 18.45 
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SXA Tension Specimen No. 8 
Combined Data 

Elastic Modulus = 863400 psi 

0.02 o. o" a.as 0.08 0.10 

Strain (in/in) * 10-2 

Equation Coefficients (Y = a + bx) 

0.12 

Coefficients Goodness of Fit 
Intercept (a) Slope (b) RR RC 

-5 .091 I 863400 .9952 I .9952 

Specimen Data 

Specimen Specimen Specimen Specimen 
Width Thickness Length Weight 
(in.) (in.) (in.) (lbs.) 
1.505 1.507 5.470 0.2499 
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SXA Tension Specimen No. 9 
Combined Data 

Elastic Modulus = 856900 psi 

0.02 0.01! 0.06 o.oe O. LO 

Strain (in/in) * 10-2 

Equation Coefficients (Y = a + bx) 

a.12 

Coefficients Goodness of Fit 
Interce t a Slo e b) RR RC 

-15.42 856900 .9936 .9935 

Specimen Data 

Specimen Specimen Specimen Specimen 
Width Thickness Length Weight 
(in.) (in.) (in.) (lbs.) 
1.504 1.492 5.494 0.2781 
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SXA Tension Specimen No. 10 
Combined Data 

Elastic Modulus = 808800 psi 

0.02 O.Oij 0.06 o.oe 0.10 

Strain (in/in) * 10-
2 

Equation Coefficients (Y = a+ bx) 

0.12 

Coefficients Goodness ofFit 
Intercept (a) Slope (b) RR RC 

-2.359 I 808800 .9958 I .9958 

Specimen Data 

O. lY: 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 
1.506 1.500 5.511 0.2452 18.73 
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APPENDIXD 
SXA Shear Specimen No. 1 

Tension Diagonal Combined Data 

~ Shear Modulus = 117400 psi 

Cl 

0.. ~ 
\.-.I 

en 
en ~ Q) 0 
(_ LO 

...µ 
(f) 

'-
0 

(d ~ 
Q) 

...c. 
(f) 

0 

ci .... 

0 

ci--~~-.-~~-.-~~-,.~~~.--~~-.-~~--.-~~~--' 
10.00 0.02 0.01,1 0. 06 0.08 0.10 

Shear Strain (radians) 

Equation Coefficients (Y = a + bx) 

0.12 

* 10-2 
0. ll! 

Coefficients Goodness of Fit 
Intercept (a) Slope (b) RR RC 

-2.945 I 117400 .9923 I .9921 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

3.996 1.496 3.997 0.2747 10.36 
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SXA Shear Specimen No. 1 
Compression Diagonal Combined Data 

[!] 

Shear Modulus = 144700 psi 

O-t-~~-.-~~--,.~~~-r--~~~~~~~~--..~~~.----~ 
:::I' 

1 0.00 0.02 0.0IJ 0.06 

Shear Strain 
O.OB 0.10 

(radians) 
0.12 

* 10-2 

Equation Coefficients (Y = a + bx) 

Coefficients Goodness of Fit 
Interce t a) Slo e (b) RR RC 

-4.647 144700 .9868 .9864 

Specimen Data 

0. llJ 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

3.996 1.496 3.997 0.2747 10.36 
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SXA Shear Specimen No. 1 
Combined Data 

Shear Modulus = 131400 psi 

[!] 

ci--~ ~--.-~ ~ -....~~~..--~~--.-~~--.-~~-----r-~~ --,--__. 
:::t' 

I 0.00 0.02 O.OY 0.06 

Shear Strain 
0.08 0.10 

(radians) 
0.12 

* 10-2 

Equation Coefficients (Y = a + bx) 

Coefficients Goodness of Fit 
Interce t a) Slo e (b RR RC 

-3 .981 131400 .9601 .9595 

Specimen Data 

0.11.J 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

3.996 1.496 3.997 0.2747 10.36 
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SXA Shear Specimen No. 2 
Tension Diagonal Combined Data 

Shear Modulus = 112800 psi 
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o---~~~~~~~~~-.-~~~.--~~-.-~~--,.~~~-T----' 
:::t' 

I 0.00 0.02 O.OY 0.06 0.08 0.10 

Shear Strain (radians) 

Equation Coefficients (Y = a + bx) 

0.12 

* 10-2 

0. 14 

Coefficients Goodness of Fit 
Interce t a) Slo e (b RR RC 

-1. 763 112800 .9922 .9920 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in. ) (in. ) (in.) (lbs.) (%) 

3.992 1.503 3.997 0.2691 11 .23 
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SXA Shear Specimen No. 2 
Compression Diagonal Combined Data 

g Shear Modulus = 178200 psi 
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ci--~~-.-~ ~------.~~~-.--~~-.-~~-.-~~------.~~~-.---' 
:::t' 

I 0.00 0 . 02 O. Ol:I 0.06 

Shear Strai n 
O.OB 0.10 

(radi ans) 
0.12 

* 10-2 

Equation Coefficients (Y = a + bx) 

Coefficients Goodness ofFit 
Interce t a) Slo e (b) RR RC 

-4.796 178200 .9820 .9814 

Specimen Data 

Specimen Specimen Specimen Specimen 
Width Thickness Length Weight 
(in.) (in.) (in.) (lbs.) 

3.992 1.503 3.997 0.2691 

0.11.,1 

Relative 
Density 

(%) 
11.23 
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SXA Shear Specimen No. 2 
Combined Data 

Shear Modulus = 124900 psi 

[:] [!] 

@ ~ 

= 

[!] 

a--~~---,-~~~~~---,~~~---~~-.-~~---r-~~--r-----
o.oo 0.02 O.OIJ 0.06 o.oe 0.10 

Shear Strain (radians) 

Equation Coefficients (Y = a + bx) 

0.12 

* 10-2 

Coefficients Goodness of Fit 

0.14 

Interce t a) Slo e (b RR RC 
2.266 124900 .8554 .8535 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

3.992 1.503 3.997 0.2691 11.23 
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SXA Shear Specimen No. 3 
Tension Diagonal Combined Data 

~ Shear Modulus = 136800 psi 
a~ 

(/) ~ 
0.. ~ 

(/) 
(/) a 
Q) ~ 
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en 
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en 

a 
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~ 
1 0.00 0.02 O.OIJ 0.06 O.OB 0.10 

Shear Strain (radians) 

Equation Coefficients (Y = a + bx) 

0.12 O. ll.J 

* 10-
2 

Coefficients Goodness ofFit 
Intercept (a) Slope (b) RR RC 

-4.483 I 136800 .9903 I .9901 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

4.000 1.497 4.000 0.2723 10.82 
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SXA Shear Specimen No. 3 
Compression Diagonal Combined Data 

Shear Modulus = 165700 psi 

0.02 0.01! 0.06 0.08 D.10 

Shear Stra1n (radians) 

Equation Coefficients (Y = a + bx) 

0.12 

* 10-
2 

0. llJ 

Coefficients Goodness of Fit 
Intercept ( a) Slope (b) RR RC 

-6.288 I 165700 .9859 I .9855 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

4.000 1.497 4.000 0.2723 10.82 
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SXA Shear Specimen No. 3 
Combined Data 

Shear Modulus = 148400 psi 

o-t-~~--.-~~~...-~~~~~--.-~~--,~~~--,-~~-.-----' 
::t' 

10.00 0.02 0.01! 0.06 0.0B 0.10 0.12 0. ll,\ 

Shear Strain (radians) * 10-
2 

Equation Coefficients (Y = a + bx) 

Coefficients Goodness of Fit 
Intercept (a) Slope (b) RR RC 

-4.360 I 148400 .9632 I .9627 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in. ) (lbs.) (%) 

4.000 1.497 4.000 0.2723 10.82 
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SXA Shear Specimen No. 4 
Tension Diagonal Combined Data 

Shear Modulus = 101100 psi 

0.02 0.01.J 0.06 0.0B 0.10 

Shear Strain (radians) 

Equation Coefficients (Y = a + bx) 

0.12 

* 10-2 

0. 11.,1 

Coefficients Goodness of Fit 
Intercept (a) Slope (b) RR RC 

-5 .382 I 101100 .9844 I .9840 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

4.006 1.507 3.991 0.2487 10.33 
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SXA Shear Specimen No. 4 
Compression Diagonal Combined Data 

Shear Modulus = 126500 psi 
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CD 
10.00 0.02 O.OIJ 0.06 0.08 0.10 0.12 0. 11.J 

Shear Strain (radians) * 10-2 

Equation Coefficients (Y = a + bx) 

Coefficients Goodness of Fit 
Intercept (a) Slope (b) RR RC 

-3 .938 I 126500 .9834 I .9828 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

4.006 1.507 3.991 0.2487 10.33 
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SXA Shear Specimen No. 4 
Combined Data 

~ Shear Modulus = I 06500 psi 
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a--~~-...-~~~..--~~-.-~~-...-~~~..--~~--.-~~-.-~~ 
::::t< 
10.00 0.02 O.OY 0.06 0.08 0.10 0.12 0. ll.J 

Shear Strain (radians) * 10-2 

Equation Coefficients (Y = a + bx) 

Coefficients Goodness of Fit 
Intercept (a) Slope (b) RR RC 

-2.477 I 106500 .9372 I .9362 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

4.006 1.507 3.991 0.2487 10.33 
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SXA Shear Specimen No. 5 
Tension Diagonal Combined Data 

Shear Modulus = 158700 psi 

ci--~~-.-~~--r~~~..---~~--r-~~-.-~~---.-~~~..-----' 
:::f' 

1 0.00 0.02 0.01.J 0. 06 0.08 0.10 0.12 O. ll,I 

Shear Strain (radians) * 10-2 

Equation Coefficients (Y = a + bx) 

Coefficients Goodness of Fit 
Interce t a) Slo e (b RR RC 

-5.839 158700 .9784 .9777 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

3.997 1.505 3.994 0.2591 10.79 
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SXA Shear Specimen No. 5 
Compression Diagonal Combined Data 

Shear Modulus = 191700 psi 
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o-+-~~--.-~~~-.-~~~~~~.--~~--..-~~--.~~~-.----' 
::jl 

I 0.00 0.01 0.02 0.03 0.01.! 0.05 

Shear Strain (radians) 

Equation Coefficients (Y = a+ bx) 

0.06 

* 10-
2 

0.07 

Coefficients Goodness of Fit 
Interce t a) Slo e (b RR RC 

-6.840 191700 .9757 .9749 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

3.997 1.505 3.994 0.2591 10.79 
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SXA Shear Specimen No. 5 
Combined Data 

~ Shear Modulus = 173700 psi 
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1 0.00 0.02 O.OIJ 0.06 O.OB 0.10 0.12 0. llJ 

Shear Strain (radians) * 10-2 

Equation Coefficients (Y = a + bx) 

Coefficients Goodness of Fit 
Intercept (a) Slope (b) RR RC 

-5.906 I 173700 .9523 I .9516 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

3.997 1.505 3.994 0.2591 10.79 
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SXA Shear Specimen No. 6 
Tension Diagonal Combined Data 

Shear Modulus = 275300 psi 

g--~~------~~--.~~~-.--~~~~~~~~--.~~~-.--_. 
10.00 0.08 0.16 a. 21! 0.32 0.1!0 0.56 

Shear Strain (radians) 

Equation Coefficients (Y = a + bx) 

Coefficients Goodness of Fit 
Intercept (a) Slope (b) RR RC 

-5.499 I 275300 .9716 I .9702 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

3.985 1.508 3.989 0.5048 21.07 
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SXA Shear Specimen No. 6 
Compression Diagonal Combined Data 

Shear Modulus = 383600 psi 

ci-1-~~-,-~~--,.~~~..--~~~~~--~~--,.~~~..-----' 
:::t4 

1 0.00 0.08 0.16 0.2U 0.32 O.!Ul 0.56 

Shear Strain (radians) 

Equation Coefficients (Y = a + bx) 

Coefficients Goodness of Fit 
Intercept (a) Slope (b) RR RC 

-9.149 I 383600 .9563 I .9541 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

3.985 1.508 3.989 0.5048 21 .07 
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SXA Shear Specimen No. 6 
Combined Data 

Shear Modulus = 323800 psi 

0-t-~~-.-~~---,~~~~~~-r-~~-.-~~~.--~~.....----' 
:::i' 

I 0.QO 0.08 0.16 0.21! 0.32 O.IW 0.56 

Shear Strain (rad iansl 

Equation Coefficients (Y =a+ bx) 

Coefficients Goodness of Fit 
Interce t a) Slo e b RR RC 

-6.551 323800 .9005 .8982 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

3.985 1.508 3.989 0.5048 21.07 
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SXA Shear Specimen No. 7 
Tension Diagonal Combined Data 

Shear Modulus = 290900 psi 

Q-t-~~-.--~~---..--~~---,,--~~,--~~--r-~~~~~----.-----, 
:::t' 

10.00 0.08 0.16 0 . 21! 

Shear Strain 
0.32 0.4:0 

(radians) 
O.LlB 

* 10-
3 

Equation Coefficients (Y = a + bx) 

Coefficients Goodness of Fit 
Interce t a) Slo e (b) RR RC 

-7.379 290900 .9724 .9713 

Specimen Data 

Specimen Specimen Specimen Specimen 
Width Thickness Length Weight 
(in.) (in.) (in.) (lbs.) 

3.977 1.501 3.978 0.4162 

0.56 

Relative 
Density 

(%) 
17.54 
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SXA Shear Specimen No. 7 
Compression Diagonal Combined Data 

Shear Modulus = 387500 psi 

c:i--~~--.-~~--~~~-.-~~--~~---~~---.~~~------' 
::t' 

I 0.00 O.OB 0.16 0.2U 0.:32 O.IMl 

Shear Strain (radians) 

Equation Coefficients (Y = a + bx) 

a.us 

* 10-3 
0.56 

Coefficients Goodness of Fit 
Intercept (a) Slope (b) RR RC 

-7.333 I 387500 .9696 I .9679 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

3.977 1.501 3.978 0.4162 17.54 

252 



• ...-4 

0 

C 

~ 

C/J ~ 
Q_ @ ..... 

C/J 
C/J 0 
0) d 
L CD 

...µ 
(f) 

L 0 

ci cd :::r 
0) 

_c 
(f) 

C 

d 

0 

0 

=ro.oo 

SXA Shear Specimen No. 7 
Combined Data 

Shear Modulus = 300700 psi 

0.08 0.16 0. 2Y: o.32 a.1rn 

Shear Strain (radians) 

Equation Coefficients (Y = a + bx) 

0.48 

* 10-3 

Coefficients Goodness of Fit 
Interce t a) Slo e (b RR RC 

-1.844 300700 .9220 .9203 

Specimen Data 

Specimen Specimen Specimen Specimen 
Width Thickness Length Weight 
(in.) (in. ) (in.) (lbs.) 

3.977 1.501 3.978 0.4162 
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SXA Shear Specimen No. 8 
Tension Diagonal Combined Data 

Shear Modulus = 222500 psi 

c:i--~~~~~~~~~~~~~~~~~~~~~~~--J 
::t< 
I 0.0Q 0.01 0. 02 0.09 

Shear Strain 
0.01! 0.05 

(radians) 
0.06 

* 10-2 

Equation Coefficients (Y = a + bx) 

Coefficients Goodness of Fit 

0.07 

Interce t(a) Slo e b RR RC 
-3.972 222500 .9833 .9828 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

4.002 1.498 4.004 0.4533 18.89 
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SXA Shear Specimen No. 8 
Compression Diagonal Combined Data 

Shear Modulus = 293200 psi 

g--~~-.-~~---,,~~~~~~--,-~~-.-~~---,,~~~~--
10.00 o.oe 0.16 0.21J. 0.32 O.Wl 0.56 

Shear Strain (radians) 

Equation Coefficients (Y = a + bx) 

Coefficients Goodness of Fit 
Interce t a Slo e (b RR RC 

-4.605 293200 .9642 .9624 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

4.002 1.498 4.004 0.4533 18.89 
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SXA Shear Specimen No. 8 
Combined Data 

Shear Modulus = 233100 psi 

.-..~~~~~~~~--.-~~~--~~~~~----~~~---' 

0 

0.00 0.01 0.02 0.03 

Shear Strain 
a.mt o.os 

(rad iansl 
0.06 

* 10-2 

Equation Coefficients (Y = a + bx) 

Coefficients Goodness of Fit 
Intercept (a) Slope (b) RR RC 

0.0204 I 233100 .9252 I .9237 

Specimen Data 

Specimen Specimen Specimen Specimen 
Width Thickness Length Weight 
(in.) (in.) (in.) (lbs.) 

4.002 1.498 4.004 0.4533 

0.07 

Relative 
Density 

(%) 
18.89 

256 



• .-l 

a 
a 
I.C 

(1) ~ 
0.. ~ 

(1) 
(1) 

ru 
(_ 

--+-' 
Cf) 

(_ 
{d 
ru 

....c 
Cf) 

a 

~ 

0 

0 
:jl 

a 
ci 

0 

;i? 
10.00 

SXA Shear Specimen No. 9 
Tension Diagonal Combined Data 

Shear Modulus = 242200 psi 

0.01 0.02 0.09 

Shear Strain (rad i ansl 

Equation Coefficients (Y = a + bx) 

0.06 

* 10-2 

Coefficients Goodness of Fit 
Intercept (a) Slope (b) RR RC 

-9.651 I 242200 .9535 I .9517 

Specimen Data 

0.07 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

3.998 1.503 4.002 0.4818 20.04 
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SXA Shear Specimen No. 9 
Compression Diagonal Combined Data 

Shear Modulus = 334600 psi 

o-+-~~-.--~~-.-~~---.-~~--r~~--,.--~~~~~-,..-~ 
::t' 

10.00 0.00 0.16 0.21,l 0.32 0.1!,() 0.56 

Shear Strain (rad i ansl 

Equation Coefficients (Y = a+ bx) 

Coefficients Goodness of Fit 
Interce t a) Slo e b) RR RC 

-7.446 334600 .9529 .9506 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

3.998 1.503 4.002 0.4818 20.04 
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SXA Shear Specimen No. 9 
Combined Data 

Shear Modulus = 253800 psi 

o-+-~~---.-~~----.-~~---.~~~....-~~---~~---~~------' 
::t' 

1 0.00 0.01 0.02 0.09 O.OIJ. O.CE 0.06 0.07 

Shear St:rain (radians) * 10-2 

Equation Coefficients (Y = a + bx) 

Coefficients Goodness of Fit 
Interce t a) Slo e (b RR RC 
-1.634 253800 .8728 .8702 

Specimen Data 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

3.998 1.503 4.002 0.4818 20.04 
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SXA Shear Specimen No. 10 
Tension Diagonal Combined Data 

Shear Modulus = 214800 psi 

g --~ ~-,-~~---.-~~~-r--~~--.-~~-,-~~--.-~~~-r---' 

10. 00 0. 01 0. 02 0.09 

Shear Strai n 
a.au o. os 

(radi ans ) 
0.06 

* 10-2 

Equation Coefficients (Y = a + bx) 

Coefficients Goodness of Fit 
Interce t a) Slo e (b) RR RC 

-4.213 214800 .9859 .9854 

Specimen Data 

0.07 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

4.000 1.502 3.988 0.4425 18.48 
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SXA Shear Specimen No. 10 
Compression Diagonal Combined Data 

Shear Modulus = 296200 psi 

o--+-~~--~~--~~--.----~~...--~~-.-~~--~~~---' 
::I' 

10.00 O.OB 0.16 o. 2'! 0.32 0.1!0 

Shear Strain (radians) 

Equation Coefficients (Y = a + bx) 

O.YB 

* 10-
3 

Coefficients Goodness of Fit 
Intercept (a) Slope (b) RR RC 

-6.658 I 296200 .9671 I .9658 

Specimen Data 

Specimen Specimen Specimen Specimen 
Width Thickness Length Weight 
(in.) (in.) (in.) (lbs.) 

4.000 1.502 3.988 0.4425 

0.56 

Relative 
Density 

(%) 
18.48 
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SXA Shear Specimen No. 10 
Combined Data 

Shear Modulus= 241200 psi 

m 

0.01 0.02 0.03 O.OL! 0.05 

Shear Strain (radians) 

Equation Coefficients (Y = a + bx) 

I 

0.06 

* 10-2 

Coefficients Goodness of Fit 
Intercept (a) Slope (b) RR RC 

-2.568 I 241200 .9062 I .9046 

Specimen Data 

0.07 

Specimen Specimen Specimen Specimen Relative 
Width Thickness Length . Weight Density 
(in.) (in.) (in.) (lbs.) (%) 

4.000 1.502 3.988 0.4425 18.48 
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