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SUMMARY 

The conventional light weight sandwich structure 

with a honeycomb core is very weak and unreliable at the 

fillet bond in the core-facing interface. The manufacturing 

method of the honeycomb is expensive, and thick cores are 

also very susceptible to buckling. 

Analytical and experimental investigations were 

carried out to design and construct a new core using the 

vacuum ore pressure forming technique, in such a way that 

(a) more area is available for the core-facing bond, (b) 

inexpensive heat welding can be used for the core bonding, 

and theoretically (c) the core medhanical properties are 

not sensitive to buckling and independent of core thickness. 

The optimum conditions for maximum shear strength 

and modulus of rigidity, the core mechanical properties, 

and the material flow in the various stages in the forming 

process were investigated, and theoretical estimates 

developed in this research program. 

Cores from both superplastic eutectoid Zn-22A1 and 

High Impact Polystyrene sheets, with Kevlar fibers embedded 

were manufactured and tested under shear, buckling, and 

bending; and the results were evaluated accordingly. 

The High Impact Polystyrene cores, although in the 

experimental phase, have comparable mechanical properties 



to the non-metallic cores, and it seems that further 

improvement is quite possible by completely heat welding 

the core. 

A unique and novel detail in WRH cores seems to be 

the formation of projections with flat top and bottoms 

interconnected by heat welded webs which have wires or 

fibers embedded within them for reinformcement. 

The thickness distribution within the cores was 

scrutinized as a function of location and a theoretical 

justification for the flow behavior was presented. As a 

consequence of this analysis, an improved projection con

figuration and arrangement of the wires has been introduced 

for future investigation. 



NOMENCLATURE 

Latin Symbols Definition 

A ( R — x^)/(R^-xn) ,..'./ 
o l o V 

Units 

dimensionless 

ran 

B 

b 

c 

D 

D 2 

d 

E 

E 

E c 

E 

ab/N, area per projection m' 

cross section in sheet number one m' 

cross section in sheet number two m' 

core cross section m4 

area of undeformed material per 
projection m4 

cross section under shear m' 

length of the core m 
4 6 2 

16qb (1+ pft)/(7r mnD Q ), coefficient 
for deflection w 2 m 

mn ratio w /wn 

width of the core 

core thickness 

flexural rigidity 

dimensionless 

m 

m 

N-m 

E 
x 

Etdc/(l-v ), approximate flexural 
rigidity N-m 

c + t, conventional sandwich thickness m 

U + V, total energy N-m 

Young's modulus of elasticity MPa 

core Young's modulus of elasticity MPa 

sheet modulus of elasticity MPa 

core modulus of elasticity in the x-
direction MPa 



Latin Symbols Definition Units 

E core modulus of elasticity in the 
^ y-direction MPa 

E core modulus of elasticity in the 
a direction MPa 

F loading force in the shear test N 

2 2 2 
F m b /a + 1, sandwich factor dimensionless 
F, internal force in sheet number one N 

F2 internal force in sheet number two N 

F normal force component in a shear test N 

F shear force component in a shear test N 

F force applied to a core sheet N 

F force applied to the embedded wires N 

f F_/N, shear force per projection N s s 

G facing modulus of rigidity MPa 

G core modulus of rigidity MPa 

G^ core material modulus of rigidity MPa 

H height of projection in mathematical 
model m 

h height of experimental projections m 

K, (mb/a + a/mb)/(l + p [ (mb/a) 2 + 1]) , 
sandwich parameter dimensionless 

k stress constant Pa 

k1 ^Rr> ~ x) ^w' constant, solution of 
differential equation N 

L length of plate m 

I distance between projections center m 

£.. spearation between projections, length 
of webs m 



xvii 

Latin Symbols Definition Units 

m integer number dimensionless 

m strain rate sensitivity 
factor dimensionless 

N number of projections in ' "• •• 
a core dimensionless 

N force per unit length in 
the x-direction N/m 

n integer number dimensionless 

P maximum load before plate 
buckling failure N 

P maximum load before plate buckling 
E failure, assuming infinite shear 

modulus N 

p applied forming pressure Pa 

p 1 applied pressure in sheet one Pa 

p2 applied pressure in sheet two Pa 

Q -dM/dx, shear load N 

q(x) normal load per unit length N/m 

q coefficient in load infinite series N/m 
n . 
R maximum radius of formed sheet m o 

r radius of curvature m 

r* radius of curvature at the end of 
second forming stcige ta 

s length of deformed element at time t m 

s length of a deformed element at 
time t + dt m 

s* length of deformed element at the end 
of second forming stage m 

t time see 
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Latin Symbols Definition Units 

t initial sheet thickness m o 

t.. time elapsed forming sheet one see 

t« corresponding time forming sheet two see 

U strain energy N-m 

U strain energy of the core N-̂ m 

Uf strain energy of the facings N-m 

u displacement in the x-direction m 

V potential energy of the sandwich N-m 

V, potential energy due to edgewise 
load N-m 

V2 potential energy due to normcil load q N-m 

V effective volume of material per 
P projection m 

v displacement in the y direction m 

x distance in the undeformed sheet or 
sandwich m 

xn distance in sheet one at time t m 
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y distance in the undeformed sheet, 
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y w2^wl rat:*-0 dimensionless 
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Latin Symbols 

w* 

w i 

w^O) 

w2(0) 

w mn 

w 

w 

Definitions Units 

thickness at the end of second 
forming step m 

thickness of sheet number ones at 
time t m 

thickness of sheet number two at 
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initial thickness in sheet number one m 

initial thickness in sheet number two m 

coefficient in the infinite series of 
deflection m 

deflection due to core properties only m 

deflection independent of core 
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Greek Symbols 

a 

Y 

Y 
zx 

xy 

yz 
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Definition 

angle between the load F and the 
loading plates 

shear strain 

shear strain in the zx plane 
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strain 

strain in the x direction 
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strain rate 
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Units 

-1 

2 2 
ir Ect/2L G , sandwich constant dimensionless 

X(3w/3x), coefficient of slope dimensionless 

Lagrange multiplier m 

friction coefficient dimensionless 
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Poisson's ratio 

7r2Etc/2 (1-v2) Gb 2, sandwich 
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material density 

core density 

internal stress 
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gr/cm 

Pa 

internal stress in sheet number one at 
time t, 

internal stress in sheet number two 
at corresponding time t 2 

internal stress at point A 

internal stress at point B 

Mz/DEf, stress at the facing 

stress in a section normal to the 
x-direction 

stress in a section normal to the 
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shear stress 

fs/A, average shear stress at a 
section A-A in the core 

shear stress in a plane normal to 
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Pa 

Pa 

Pa 

Pa 

Pa 

Pa 

Pa 

Pa 

Pa 
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CHAPTER I 

INTRODUCTION 

The need for faster air transportation with greater 

effective load per pound of thrust led to the development 

of the sandwich construction having a very light core 

bonded to a strong facing on each side. The most currently 

used cores are made from aluminum foils, glass reinforced 

plastic, polyurethane or other foams, balsa wood, and paper 

honeycombs. Although it possesses good shear strength T 

and modulus of rigidity G , the conventional core requires 

a fillet bond to secure it to the facing sheets. This 

results in a decrease in reliability arid core mechanical 

properties, especially under fatigue. As the honeycomb 

cells have no internal surfaces parallel to the facings, 

they are extremely susceptible to buckling and the shear 

strength is drastically reduced in the thicker core range. 

Finally, the manufacturing method of the honeycomb requires 

an excessive amount of expensive, consecutive bonding and 

curing operations, rendering its use prohibitive in a 

number of applications. 

Balsa wood and paper are excellent core materials in 

terms of strength to weight ratio, but their properties 

are very unreliable and susceptible to drastic changes as 



function of the moisture content and aging. 

In an attempt to improve the weak fillet bond of the 

standard honeycomb, plastic cellular cores have been 

recently introduced in the market. They are frequently 

manufactured by transforming heated plastic sheets into 

three dimensional shells possessing flat tops and bottoms; 

however, they do not have cells interconnected and this is 

very detrimental to the shear strength and the modulus of 

rigidity of the core. 

A critical evaluation of the manufacturing methods 

and mechanical properties of the commercial cores led to 

the recognition of the following principal areas which were 

the object of the present research: (1) Improvement of the 

core facing bonding areas, (2) Development of a core resis

tant to buckling, and (3) Methods to reduce adhesive bonding 

operations. Starting from this frame of reference, the 

author developed an apparently novel core manufacturing 

technique*, by which a strain rate sensitive plastic or 

metallic sheet can be formed around wires or fibers and 

projections disposed in different arrangements, as the 

sheets are heated to a characteristic temperature and 

formed by either vacuum or pressure against a die. In this 

way, a composite shell is generated, having the appearance 

*A patent covering this technique has recently been filed. 
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of a wire reinforced honeycomb (WRH) core, incorporating 

a group of surface of revolution projections disposed in a 

regular fashion and interconnected by vertical webs in which 

wires are embedded. The core presents flat tops and bottoms, 

as shown in Figure il-'l, which permits a good bonding area 

and limits the cell height to a fixed value, making the core 

insensitive to buckling, unlike the conventional honeycomb. 

The most effective bonding method, in applying the 

WRH process to plastic sheets, seems to be heat welding, 

since no adhesive is required except for bonding the core ' 

to the facings. Heat welding not only optimizes the core 

strength, but as the energy required has already been trans

mitted to the material for the forming process, heat welding 

may be economically highly advantageous. 

As the technique of the WRH cores was mastered, new 

ideas were generated up to optimize the core shear strength 

and the modulus of rigidity. So, in the second phase of 

the investigation, formulations were developed (a) for the 

thickness distribution in the various stages of the forming 

process, (b) for the optimum flow, and (c) for estimating 

the core mechanical properties. A series of shear, buckling, 

bending and thickness distribution tests were conducted in 

an'attempt to determine the core mechanical properties and 

to confirm the theoretical analysis. 



Heat welded cores can be manufactured in a wide 

density range, and strength to weight ratios would be 

expected to increase markedly through further improvement 

of core-facing bond, the use of other plastics materials, 

and optimization of projection shape and arrangement, 

following the lines discussed in the present work. 

NODES WITH FLAT TOPS 

HEAT WELDED 

INTERCONNECTING- WEBS 

F^JFLAT VALLEY 

PROJECTIONS 

STRAPPED REINFORCING WIRES 

Figure 1-1. Wire Reinforcing Honeycomb (WRH) Cores 
Made from Plastics or Metallic Sheets. 



CHAPTER II 

LITERATURE REVIEW 

To process and characterize the wire reinforced 

honeycomb, it is in order to make a literature survey 

referring to the conventional honeycomb manufacturing 

process, to materials currently used in sandwich construc

tion, and to the mechanical behavior of those materials, 

such as polymers and superplastic Zinc-22Al which might be 

used for processing wire reinforced honeycomb. 

The following literature survey therefore relates to 

previous studies pertaining to sandwich construction 

characterization and testing procedures, bonding methods, 

reinforcing fibers, as well as superplastic materials. 

Sandwich Construction 

Sandwich construction is a relatively novel struc

tural element, having its origin during World War II. It 

has principally been used in the air and space vehicles. 

Although of fairly recent origin, many researchers have 

devoted effort to the characterization of the mechanical 

properties of the light weight structures, and have attempted, 

for design purposes, to understand the behavior of the core 

as a function of configuration and materials properties. 
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Most of the work to date has dealt with aluminum honeycomb, 

which seems to be the type of core most currently used. For 

example, Kuenzi [2,3,5,7,8], Voss [1] , Stevens [6,7], and 

Jenkinson [5,10], have all been productive in the study of 

the aluminum honeycomb, as well as low density cores such 

as those made from Kraft paper, polyimide and polyester 

films. Topics reviewed include the strength of the core, 

manufacturing processes and also test procedures. Some of 

these may briefly be summarized as follows. 

Voss [1] studied the mechanical properties of low 

density sandwich cores made out of materials such as foam 

resins and glass-fiber deformed mats impregnated with resins 

having a waffle pattern. He found wide variations in the 

mechanical properties for otherwise similar cores. The 

mechanical properties of commercially available honeycombs 

used in structural sandwich construction have been studied 

by Kuenzi [2]. The analysis of the experimental data 

included methods for predicting average strength and stiffness 

values from basic material properties and core configuration. 

It is interesting to note that KUenzi reports shear modulus 

variations for the aluminum honeycomb as much as 500 percent. 

Paper honeycomb for structural building panels was 

evaluated by Seidl, Kuenzi and Fahey [3]. They investigated 

the effect of the decay, acidity,, alkalinity and aging on 

the shear and compressive strength of paper cores. The 

weight percent of the phenolic resin, urea, and sodium 



silicate adhesives were varied in an attempt to determine 

optimum proportions of base material (Kraft paper) and 

adhesive for core manufacturing. 

The use of resin impregnated paper to make sandwich 

cores has also been studied by Markwardt and Wood [4]. By 

glueing together large numbers of flat and corrugated sheets 

in different configurations, a variety of combinations were 

made available. The sandwich panels made from this type of 

material has an application in building construction. 

Turning to metallic light weight structures, Jenkinson 

and Kuenzi [5] made a series of experiments to characterize 

the shear strength of aluminum honeycomb cores as a function 

of core thickness. They found that (1) tension and 

compression shear tests generate similar values for shear 

strength and (2) as the core thickness increases the shear 

strength decreases for the same honeycomb density. 

An evaluation of the compressive and shear properties-

of corrugated foil sandwich cores was performed by Stevens 

[6]. The crossbanded cores were tested and compared with 

conventional aluminum honeycomb for the same density. The 

aluminum hexagonal honeycomb proved to have higher modulus 

of rigidity G and shear strength.; 

Stevens and Kuenzi [7] also made a series of experi

mental determinations of mechanical properties of hexagonal 

honeycomb cores and proposed a series of linear empirical 

equations relating compressive strength to density, 



compressive strength to shear strength and an equation 

correlating the shear strengths in the length and in the 

width directions of the core. 

Kuenzi [8] went on to discuss how a series of tests 

were conducted to assess the structural capability of 

titanium alloy sandwich construction having the facings and 

the honeycomb core bonded by diffusion. Results in flatwise 

tension and compression, edgewise compression and shear 

tests were presented. 

Turning to testing techniques, Kommers and Norris [9] 

designed an apparatus for evaluating sandwich plates where 

the load is applied normal to the facing as a vacuum pump 

is connected to an evacuated box that has knife edges where 

the sandwich rests. Although this is not a standardized 

test, it can be used in a rather convenient way to determine 

the shear properties of a sandwich construction. Comparison 

of the analytical and experimental deflection as a result 

of shear in the sandwich are possible using the described 

testing apparatus. 

Again, referring to polymeric materials, Jerikinson 

[10] has determined the shear strength of polyimide and 

polyester film honeycombs. The specimens wesre prepared by 

dipping the core edges in epoxy resins to form reinforcing 

fillets about 1.5 mm thick around the boundary of the cells. 

Most recently, Baldanza [11] made a state-of-the-art 

survey of plastic sandwich construction to provide general 
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and technical information for the designer in tank and 

automotive components such as vehicle bodies, fire walls, 

ballistic resistant panels and flotation units. He appears 

to favor the use of honeycomb for vehicle bodies provided 

that cells are filled with a suitable close cell foam. He 

reported that sandwich construction in general appears to 

have definite advantages over solid materials for ground 

transportation applications as it is evident from its high 

strength to weight ratio and stiffness factor. 

With the intention to fabricate a sandwich core with 

higher strength-to-density ratio than the aluminum honeycomb 

and with manufacturing technique involving no adhesive 

bonding, Ogden, Abraham and Taffee [12] developed a process 

for production of sandwich structures which can be formed 

to complex contqurs without detrimental effects at the core-

facing interface. The core is made by roll-bonding Ti-6 

Al-4 V alloy sheets and subsequently diffusion bonding the 

core to the facings. During the* bonding process the core is 

supported by filling the empty spaces with suitable materials 

that are later removed by a leaching operation, however, a 

more reliable method to eliminate the filler material had 

yet to be found. 

Looking at; more recent evaluations of honeycombs, 

Bendix Corporation [13] investigated the energy absorption 

characteristics of several types of aluminum honeycomb cores 

under a range of pressure and temperature conditions to 
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determine the feasibility of light weight structures as 

shock attenuators in the soft landing of space vehicles. 

The Bendix report seems to convey the idea that crushable 

materials in capsule form may be the best choice to counter

act meteorite and landing impact, variation of friction with 

environment, and maintenance of close tolerances in the 

space ships. 

Turning to the analysis of the behavior of sandwich 

structures, following Reissner's theory of plates, Ueng [14] 

has developed a set of equations for the generalized forces 

acting on a sandwich plate. These equations together with 

the equilibrium equation represent a system of equations for 

the generalized forces and displacement variables. Ueng 

reported the similarity in the analysis of sandwich plates 

and homogeneous plates and provided an example problem to 

demonstrate the simplicity of his approach for special cases 

compared to other methods. 

A series of basic analyses in monograph form about 

sandwich structures have been compiled by both Allen [15] 

and Plantema [16]. The theory, in its more complete form, 

can be considered as an extension of beam and plate theory 

for homogeneous materials. It was noted that the deflection 

of the sandwich as a result of core shear while disregarded 

in plate theory, it is considered quite significant in 

sandwich analysis. 
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Bonding 

The bonding of the strips to make a sandwich core, 

as well as the core-facing bond seems to be an area of 

intensive research because excessive deformation due to 

bending and buckling and fatigue failures can be traced 

back to cohesive or adhesive characteristics of the bonding 

medium. 

Effort has been dedicated to the .improvementof 

adhesive life and strength, resistance to high temperature, 

non-adhesive bonding methods such as diffusion bonding and 

heat welding, and also surface preparation cind adhesive 

application. 

A study of how the surface of both the core and 

facings of a sandwich structure should be prepared for better 

bonding has been made by Eickner [17], Black and Blomguist 

[18]. The chemical solutions and surface preparation 

methods in industry today follow closely Eickner1s recommen

dations. Tension tests with a bonded area of 12.5 mm x 101.6 

mm (1/2 in x 4 in) according to ASTM Standards to determine 

the strength of the bond were conducted. 

Fan [19] went on to disclose that the quality of the 

adhesive to join the facings and the core is a very signifi

cant factor in the final results of the sandwich edgewise 

compression strength. The implications for these findings 

in the actual engineering design is that the core modulus 

of rigidity G may not be considered as an invariant in the 
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evaluation of the critical buckling stress of the sandwich. 

Fan suggested that the testing technique should be improved 

to include specific data of the bonding medium. To obtain 

more reliable results for G , a shear test may also be done 

for comparison purposes. 

The procedure to clean the surface of aluminum sheets 

prior to bonding has been examined by Cagle [20]. The design 

of various types of joints has been considered and a series 

of bond strength tests were proposed. 

Th.e possibility of bonding plastic to itself by 

applying heat and pressure has been discussed by Skeist [21]. 

He has indicated that most plastics, except cellulose 

nitrate, can be heat welded between 325°F and 400°F. 

Debruyne [22] has made ci comprehensive study of the 

adhesion mechanism, adhesion and cohesion and the preparation 

and uses of epoxy resin adhesives. In reference to the 

plastic sheet forming technology, Bernhardt [23] has made 

an extensive review about plastics hot forming. Many 

variations of the vacuum forming process are discussed as 

well as aspects of parts design and limitations. Details 

regarding heating and optimum forming temperature for most 

plastics and in particular for High Impact Polystyrene are 

given. 

Reinforcing Fibers 

In an effort to increase the core-facing bonding area 
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in a sandwich, the author developed the idea of using thin 

wires or organic fibers to form webs to join surface of 

revolution projection shells in a regular fashion, as a 

metallic or polymeric sheet is transformed into a sandwich 

core by pressure or vacuum forming against a die and a wire 

or fiber mesh, as illustrated later in Figure 3-2. Kevlar 

49 aramid seems to be about the most promising fiber used 

for that purpose. Riewald and Venkatachalam [24] have 

evaluated the excellent properties of "Kevlar" strengthening 

fibers and determined the maximum temperature that this 

organic material can stand without appreciable degradation. 
. K* 2 

A tensile strengthof 3.3 MPa (500,000 lbs/in ) has been 

reported for Kevlar 29 and Kevlar 49. 

Superplastic Materials 

To make the wire reinforced honeycomb, the sheets 

area must be increased in the order of 200 percent and the 

material must flow fairly uniform., For this reason, a 

superplastic alloy sheet must be used. What follows is a 

quick literature survey of the most relevant development in 

the field of superplasticity. This subject is covered in 

greater detail in the Appendix F. 

It was observed in the 1920's by Rosenhain [25] and 

Sauveur [26] that some materials; like zinc, copper, aluminum 

eutectic alloy and iron had mechanical characteristics 

closely resembling hot polymers or glass at the transformation 
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temperature. This type of behavior was later identified as 

"superplasticity" by Bochvar. 

Underwood [27] is distinguished by producing an 

extensive review of the subject arid, in fact, introduced the 

term "superplasticity" to the United States. Rossard [28] 

demonstrated analytically that superplasticity is the result 

of an equilibrium between hardening and recovery above the 

half melting point for some alloys? therefore strain rate 

must be a basic parameter that controls the superplastic 

characteristics of such materials. He determined the minimum 

value that the strain rate sensitivity factor m should have 

for significant superplastic deformation to take place. This 

was proved experimentally by Backofen, Turner and Avery [29]-

Rossard [28] also showed that for stable superplastic 

flow of material, the stress in the equation of state should 

be a function of strain, strain rate, a strain rate sensi

tivity index m, and a strain hardening index N. To this 

regard, Holt [30] theorized that, provided that the strain 

hardening index N is a material constant, Rossard's equation 

of state can be reduced to an expression whesre strain rate 

but not strain is the independent variable controlling the 

flow stress. In such case, the constitutive equation could 

be written as 

a = ke 
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According to Ragab and Duncan [31,32] the strain rate 

sensitivity factor can also affect the equation of state 

for backward extrusion of superplastic Zn-22A1 alloy, and 

for uniaxial torsion tests on Zn-22A1 and Sn-Sb alloys. 

They made some theoretical analyses substantiated by experi

mental evidences on this line,, 

Headley, Kalish, and Underwood [33] have studied the 

microstructure, the forming technique, and industrial 

applications of commercially available superplastic alloys. 

They have considered that ultrafine-grain size is the most 

important characteristic of superplastic materials. 

Regarding the manufacturing of superplastic materials, 

Holt [34] has studied the conditions to produce a super

plastic alloy. Basically the grain should be between 1-1Opm, 

the material should be multiphase, and the stability of the 

grain structure is provided by low interphase boundary 

mobility. 

Looking for some basic explanations for the ductile 

behavior of some materials, Honeycombe [15] has proposed 

that the main factors that govern maximum ductility in 

single crystal are (1) only one slip system, (2) alloy 

purity, (3) free movement and high elimination rate of 

dislocations, and (4) uniform plastic deformation throughout 

the specimen. 

The deformation characteristics of conventionally 

plastic alloys and superplastic alloys has been compared by 
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Nicholson [36]. Emphasis was put in zinc and magnesium 

superplastic alloys and its wide range for possible 

applications. 

The deformation characteristics of eutectoid Zn-22A1 

alloy at room temperature has been studied by Nuttall [31] . 

He found that both the tensile strength and the hardness of 

eutectoid An-22A1 amazingly diminish with cold work. 

Nuttall's findings seem to suggest that the effect of grain 

size upon the flow stress and presumably on hardness in 

superplastic materials may be quite the opposite as compared 

with the effect on common alloys. 

Turning to industrial applications, Naziri and Pearce 

[38] have discussed the advantages and disadvantages of 

using superplastic materials for production. They have put 

emphasis in the possibility of manufacturing complex parts 

in small presses in a few operations. 

A group of researchers from IBM led by Fields [39] 

investigated the mechanical properties, forming ability, and 

applications of Zn-22Al alloy. Underwood, Gomez and Ueng 

[40] analyzed the use of vacuum forming as a new method to 

fabricate sandwich cores using superplastic materials. They 

put emphasis in the relatively inexpensive equipment 

required for the core manufacturing. 
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CHAPTER III. 

INSTRUMENTATION AND EXPERIMENTAL APPARATUS 

In order to make the wire reinforced sandwich core, 

High Impact Polystyrene sheets .were processed in a labora

tory type vacuum forming machine, Figure 3-1; while the 

Zn-22A1 sheets were pressure formed in an integral furnace-

pressure forming assembly specially made for that purpose, 

Figure 3-3. In both cases the sheets conformed to the 

shape of a die which was made with interchangable projec

tions, Figure 3-2. Sandwich panels were made by placing 

a facing on each side of the core. 

Tensile shear, compression shear, edgewise compres

sion, and bending tests, Figure 3-8 to Figure 3-12, were 

made following ASTM specification guidelines [50].An 

Instron universal testing machine, Figure 3-4, was used for 

these tests in conjunction with a Sanborn recorder, Figure 

3-7, which was used for registering strain in the edgewise 

compression and bending tests. 

The above instrumentation and apparatus are described 

in detail in the present chapter. 

Vacuum Forming Machine 

A vacuum forming machine was used for the formation 

of the polystyrene sheets into sandwich cores. The machine 
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has a heating table of 2.1m x 1.8m with two sets of elec

trical heating coils covering an area of 1.8m x 1.5m; but 

only the interior set of coils which covers a space of 

0.9m x 1.5m and has a power consumption of 420 KW was used 

throughout this research. A steel holding frame with 

vertical motion brings the plastic sheet to a fixed distance 

from the heating coils, as illustrated in Figure 3-1. The 

frame is attached to the vacuum forming table which has a 

backward arid forward horizontal motion. The positioning of 

the frame in the horizontal and vertical directions with 

respect to the heating coils is controlled by limit switches. 

3 
The vacuum forming table is connected to the 0.13 m 

evacuating tank by 7.5 cm (3 in.) flexible hose. The pur

pose of the tank is to provide and sustain sufficient 

vacuum during the entire plastic forming process. After 

several forming cycles, a limit switch activated by the 

tank pressure turns on the vacuum pump motion to reduce the 

tank pressure to working levels, about 1.3 KPa. The machine 
is located in an enclosed area to avoid chilling of the 

/ - • • ' ' ' ' • 

plastic sheets as they are formed. The polystyrene cores 

are made as the heated plastic sheet is brought into contact 

with an aluminum die that is placed in the vacuum forming 

table and the air between the die and the plastic is 

evacuated. 



Forming Die 

The forming die illustrated in Figure 3-2 has 

general dimensions of 21.5cm x 29cm x 2.54cm. It comprises 

a base plate, a set of boundary frames, boundary pins, 

interior pins, small lateral cylindrical pins for wire 

fastening, and an electrical circuit to indicate the end 

of the forming process. The die is made out of 2024 

aluminum alloy which is very easy to machine, has good 

corrosion resistance at the working temperature and it has 

high heat conduction coefficient compared with steel. The 

base plate has a series of 6.25mm (1/4 in.) holes disposed 

in triangular pattern, 12.5mm apart, in which both the 

boundary and interior pins fit. There are also ten 2mm 

holes in the base plate for air evacuation during both 

vacuum and pressure forming. While the boundary pins have 

a cylindrical projection to allow fit in the boundary frame 

without major gaps, the interior pins are shaped like 

truncated cones. The boundary frame has an internal zig-zag 

contour, which proved to be essential for both pressure and 

vacuum forming. In this way the sheet material is stressed 

the same at all locations, and tearing of the sheets, due 

to thinning and stress concentration at the boundary, is 

avoided. All the pins and the boundary plates can be 

removed easily from the base plate so that experimental 

cores with different configuration and height can be made. 

Three small 0.125mm deep grooves are placed on each pin to 



provide space for the reinforcing wires; but this turned 

out to be unnecessary when the Kevlar 49 bundles are used 

as reinforcing fibers, since they flatten out when they are 

placed on top of the projecting pins. Consequently, the 

top and bottom bonding surfaces of the core are essentially 

flat. A series of small grooves are machined in the bound

ary frame and 1mm steel pins ares inserted in the frame in a 

horizontal position in alignment with the boundary grooves. 

In this way a mesh of Kevlar fibers can be readily woven on 

top of the die. As there is no visible way to tell when 

the forming process is completed, an open electrical circuit 

is installed in the die.. Two thermocouple wires with 

ceramic insulation were inserted in the base plate and 

connected to contact points at the upper suxrface of the 

plate. The wires are connected to a 3 volt battery-power 

light source. As the metallic sheet reaches the bottom of 

the die, the electrical circuit is closed and the light 

source indicates that the pressure forming process is near 

completion. 

Pressure Forming Furnace 

The Zinc-22A1 sheets were formed in a furnace with 

a heating space of 30cm x 30cm x 20cm, as illustrated in 

Figure 3-3. Stainless steel 3mm tubing connects the 

furnace to the main air line. The pressure to form the 

sheet can be varied from 34 KPa (5 psi) to 690 KPa (100 psi) 
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Figure 3-2. Pressure and Vacuum Forming Die. 
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STEEL BASE PLATE 

Figure 3-3. Pressure Forming Furnace. 
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by means of an air pressure regulator. A gasket made from 

a 6.25mm thick 2024 aluminum frame covered with a 2mm thick 

layer of RTV (silicon rubber), seals the air pressure 

chamber that is above the superplastic sheets to be formed. 

The chamber is closed as a 25.4mm manually driven power 

screw tightens down the upper portion of the die against 

the forming sheet. The air is brought into the pressure 

chamber through a 6.25mm thick 2024 aluminum perforated 

plate with 1mm holes, placed 6.25mm apart. In this way, 

as the chamber is pressurized, no transient high air flow 

takes place that may blow and tesar abruptly the forming 

sheet. The furnace temperature is regulated by an on-off 

control circuit which is connected to an iron-constantan 

thermocouple installed in the upper portion of the die. 

The furnace is heated by two 1500 Watt coils installed on 

the side walls of the furnace. The walls were made with 

7.5cm x 15cm x 45cm K23 light weight porous alumina B and 

W bricks, good for a maximum temperature of 2300 °F. These 

fire bricks were selected because they are very soft and 

they can be cut and machined very easily with ordinary 

machine shop tools. For safety reasons, the furnace is 

installed under a hood with a constant draft. When the 

furnace is in operation, the hood door is lowered almost 

to a closed position, so that the positive air pressure in 

the laboratory helps to remove, through the hood, the gases 

generated during the curing of any adhesive. 



The Instron Universal Testing Machine 

All the tests to determine the mechanical properties 

of the sandwich core were performed in a universal testing 

machine/ model TTC standard, manufactured by the Instron 

Corporation. This testing instrument has a sensitive, 

electronic weighing system with load cells that use strain 

gages arranged in a Wheatstcne bridge to detect and record 

tensile or compressive loads. The moving crosshead is 

operated by two vertical drive screws, as shown in Figure 

3-4. At low velocity the machine can be operated in a 

number of positions from 0.0508 cm/min (0.02 in/min) to 

5.08 cm/min (2 in/min). The load cells used for all the 

experiments had an operating range zero to 200, 500/ 1,000, 

5,000, and 10,000 lbs. The strain gages on any load cell 

are excited by a stabilized oscillator. An applied load 

on the cell causes a proportional change in the resistance 

of the strain gages, and the resulting signal is amplified, 

rectified to DC and fed to the driving circuit of a null-

balance, high speed recorder. The sensitivity of the 

amplifier may be changed in calibrated steps of 1, 2, 5, 

10, 20, 50, and 100, enabling the load cell to provide a 

number of full scale ranges. The manufacturer claims an 

accuracy of the overall weighing system of ±0.5% of the 

indicated load or ±0.25% of the recorder scale, whichever 

is greater. The machine has a compression accessary that 

permits application of a compressive load on the specimen 
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as the load cell registers a tensile load acting on the 

moving crosshead, as shown in Figure 3-5. The simply sup

ported loaded end and four supported edge buckling tests, 

the compression shear test and the four point bending test 

required the use of the compression accessory. 

The Sanborn Strain Recorder 

In order to read the strain on the facing sheets of 

a sandwich construction as the bending and buckling tests 

were performed, a number of strain gages were mounted on 

the sandwich facings. The strain gages were connected in 

a full Wheatstone bridge circuit, as shown in Figure 3-6. 

The change in resistance of the active strain gage unbal

ances the circuit. A carrier preamplifier Model 150-1100, 

manufactured by Sanborn Company, measures the strain on 

the facing sheets by measuring the unbalances voltage from 

the bridge. The carrier preamplifier supplies an excitation 

voltage to the transducer (Wheatstone bridge*) ; in turn, as 

the load is applied to the cell, the transducer generates 

a voltage signal (produced by the active arm of the bridge) 

that is picked up by the Sanborn carrier preamplifier 

150-1100. The preamplifier interprets the transducer output 

in terms of the physical load and moves the galvanometer 

stylus across the recording paper, as shown diagramtically 

in Figure 3-7. The carrier preamplifier includes a zero 

suppression control which can suppress the indication of a 
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static load. This allows the readings of small changes in 

load which might be obscured by a larger load. 

Compression Shear Test Apparatus 

The compression shear test apparatus was used to 

determine the shear strength and the modulus of rigidity of 

the core G , following ASTM procedures [50]. These two 

mechanical properties are probably the most important 

properties of a core and they have direct bearing on the 

sandwich performance. The shearing load is applied to the 

core through two 0.625cm x 15cm x 21.5cm low carbon steel 

plates that are directly bonded to the core, as shown in 

Figure 3-8. Each plate has two knife edges, so that the 

core can be tested in two perpendicular directions. The 

knife edges fit into two 0.625cm x 2.54cm x 7.5cm guiding 

plates, having each a 2mm V groove in the center. The 

guiding plates are bonded to the compression device by a 

double coated polyurethane adhesive foam. In this way the 

•» shear fixture can be aligned and mounted with relative ease 

at the center of the compression device. A 10mm range 

Starrett deflection dial gage is installed on one of the 

shearing plates. A 12.5mm x i-2.5mm. x 18mm aluminum stop 

is mounted in a 0.625cm in diameter x 5cm N.F. bolt that 

is fixed to the other shearing plate. Before the shear 

test is conducted, the dial gage is loaded against the 

aluminum stop. As the test proceeds, the relative movement 

between the two shearing steel plates can be measured as the 
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gage spring maintains the sensor pin and the aluminum stop 

in contact. Both the gage and the aluminum stop supports 

can be easily removed from the shearing plates during the 

application and curing of the adhesive that bonds the core 

to the plates. 

Tension Shear Test Apparatus 

As in the compression shear test, the tension shear 

test may be used to determine both the shearing strength 

and the modulus of rigidity of the core. In this case the 

loading plates have 5cm hinges bolted to their ends and no 

knife edge is required. Each hinge has two small 0.625cm x 

0.625cm x 5cm steel bars attachesd to it, as shown in Figure 

3-9; so that there is good gripping and no slippage occur

ring at the crosshead, as the specimen is loaded. As in 

the compression shear test, a dial gage and aluminum stop 

mechanism could indicate the relative motion between the 

two loading shear plates; however, as tension shear tests 

were designed to determine the shear strength of the core, 

there was no need for relative deflection readings. While 

the compression shear test fixture is mounted in the com

pression accessory, the fixture for the tension shear test 

is directly mounted on the tensile test machine and align

ment is automatic. 

Bending Test Apparatus 

The four point bending test apparatus is for testing 
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the deflection of the central portion of a lightweight 

sandwich beam under the effect of a constant bending moment 

applied in that portion of the beam, as shown in Figure 

3-10. The apparatus has a 15cm x 35cm x 0.625cm high carbon 

steel base plate. The plate has been grounded so that the 

loading surfaces are essentially flat. The load in the 

upper facing of the sandwich is applied by two 12.7mm round 

steel bars that are fixed to the steel plate, and placed 

27.3cms apart (10.75 in.). Two 12.7mm (0.5 in.) round 

bars apply the load to the lower facing of the sandwich 

construction. To avoid rotation or misalignment of the 

lower bars during loading, they are bolted down to two 

0.625cm x 2.54cm x 15cm guiding steel plates. The lower 

bars can be moved to different positions so that the sand

wich can be loaded at different locations. To prevent 

uneven loading, both the guiding plates and the round bars 

have a cushion of double coated polyurethane adhesive foam, 

1.5mm thick. Neither the deformation of the soft adhesive 

nor the bending of the loading device will affect the sand

wich deflection reading; in fact, they are not read directly 

from the universal testing machine output graph, but from 

a set of two strain gages mounted in the sandwich facings 

on the section of constant bending moment. To load the 

sandwich, the bending fixture is installed in the universal 

testing machine compression accessory, as indicated in 

Figure 3-10. This compression device has two 2.54cm x 20cm 
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Figure 3-10. Bending Test Apparatus. 



x 16cm parallel plates that can be brought closer together 

at a constant speed as the crosshead of the universal 

testing machine applies a tensile load. As the tension is 

applied, the sandwich beam is loaded by the four round steel 

bars in the bending fixture. The strain gages installed in 

the upper and lower facing of the sandwich measure the 

facings strain which is converted into a graph by the 

Sanborn recorder. 

Buckling Test Fixture 

The buckling fixture is used to test the edgewise 

compressive strength of flat sandwich construction as 

specified by the ASTM Designation C364-61. The sandwich 

is loaded inside the universal testing machine compression 

accessory, as shown in Figure 3-11. The two base plates 

at each end of the sandwich are fastened by 0.625mm NC 

bolts to the top and bottom loading plates of the compres

sion accessory. The lateral bearings are bolted down to 

the base plates. A 0.625cm in diameter pivoting pin is 

inserted at each end of the pivot plate through the lateral 

bearings. As the aligning plates are moved laterally by 

sliding the fastening bolts in the aligning guide plate, 

the sandwich is tested with small loads for even force dis

tribution on each facing. This can be checked out until 

the strain gages mounted on each facing give about the same 

output. To reduce concentrated stresses on the facing at 

the loading contacts, (1) the sandwich ends are covered 
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Figure '3-11. Buckling Test Fixture. 
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with room temperature curing epoxy and (2) the load is 

transmitted to the sandwich from the pivot plate through a 

double coated polyurethane adhesive foam which levels out 

misalignments and irregularities in the loading surfaces. 

As the loading plates in the compression accessory approach 

each other, the sandwich is compressed edgewise, and the 

beam is subjected to a buckling load with simply supported 

loading ends. 

Fixture for Four Edges Simply Supported Test 

The buckling fixture with simply supported loading 

ends proved to be rather difficult to align during the 

buckling test and one of the two facings was frequently 

unevenly loaded, as could be determined from the strain 

gages readout. For this reason it was thought that a four 

edges simply supported fixture might be easier to load and 

that the edgewise compressive strength of the flat sandwich 

construction could be readily determined/The apparatus 

consisted of two bolted aluminum frames, as shown in Figure 

3-12. The frames are made of four 1.26cm x 2.54cm aluminum 

bars bolted together and prevented from relative rotation. 

The frame has a 8.75cm x 12.5cm x 2mm wide ground supporting 

edge, so that the sandwich has all four edges simply sup

ported. The frames are hand tight against the sandwich, so 

that vertical motion of the facings with respect to the 

frame can take plate without friction at the edge supports. 

As the frame is mounted, there is a 0.626cm gap at the 



upper and lower ends of the sandwich, so that the loading 

ends can be reinforced with a 0.312cm x 2.54cm x 12.7cm 

aluminum strip which is bonded to the structure with room 

temperature curing (RTC) Epoxy. Again, in an attempt to 

load the facings evenly, the force is applied to the sand

wich through a strip of polyurethane double coated adhesive 

foam. 
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Figure 3-12. Fixture for Four Edges Simply Supported Test. 



CHAPTER IV 

THEORETICAL ANALYSIS 

The subject material presented in this chapter can 

be divided in two main areas of studies: (a) sheet forming 

analysis and (b) sandwich stress analysis. 

Our main concern in the first part is to derive 

analytical expressions that may help to explain the way the 

sheet material flows into a given configuration and the 

thinning that takes place as a function of the process 

variables such as pressure, temperature, stock thickness, 

and initial point coordinates of the material. Cases such 

as bulging a superplastic sheet into hemispherical or 

cylindrical shape have been studied theoretically and 

correlated with the experimental work [45]; however, the 

deformation of a plastic or metallic sheet into a sandwich 

core upon the application of heat and pressure would seem 

to require a more elaborate analysis because the material 

flow is not symmetric. For the particular case of Zn-22Al, 

the modified equation of state governing the superplastic 

forming process will be systematically taken into 

consideration [34]. 

In the second part of this chapter, equations are 

developed in an attempt to correlate core mechanical 

properties to the core solid materials properties. The 
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applicability of this analysis may be of special interest 

to the core manufacturer as he could anticipate the strength 

of the core for a given material, sheet thickness, and core 

configuration. For the conventional honeycomb similar 

studies have been done and empirical equations have been 

developed [48]. The sandwich core analysis also includes 

a study of the deflection of the sandwich as a function of 

the loading mode and the core mechanical properties such 

as shear strength, elastic and shear modulus. The work of 

Allen [15] and Plantema [16] is followed closely in the 

sandwich stress analysis. The €;quations developed in this 

section can be used to determine the core characteristics 

as tests are conducted where deflection and forces or 

bending moments are directly measured. 

Sheet Forming 

The following analysis refers to the effect that the 

die friction may have on the sheet thickness distribution 

in the transient and final state during vacuum or pressure 

forming. Our curiosity has been around on this subject 

because in the processing of reinforced honeycomb structures 

two distinct types of surfaces are developed. In one sur

face the material flows against a solid projection, as 

indicated in Figure 4-1. In the other surface, the material 

drapes around the reinforcing wires and is free to stretch 

until the form touches the upper surface of the die, as 
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shown in Figure 4-1. 

(a) (b) 

Figure 4-1. Forming Conditions. 
(a) Friction Restricted Stretching; 
(b) Stretching around the Wires, 

No Friction. 

The analysis of the flow of material for the complete 

reinforced light weight structure appears to be rather 

complex; and as the boundary conditions are irregular, there 

is no evident way that an exact solution for thickness 

distribution valid for the whole panel can be found. However, 

the case at hand can be split into much simpler two-

dimensional flow models, as described in Figure 4-2, where 

the final and intermediate shapes are periodic and the 

specimens are considered infinitely long in the direction 

normal to the paper. The advantage of making this simpler 

mathematically approximated model is that we may obtain 

an exact solution that could be used as an indicator to 

predict the material flow in the more complicated real case. 
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Figure 4-2. Models for Two-Dimensional Forming. 
(a) 2-D Restricted Stretching Model? 
(b) 2-D Free Stretching Model. 

2-D Friction Restricted Forming 

As shown in Figure 4-2a, the material displacement 

is a result of uniformly applied pressure p.. As the forming 

is made at temperatures where the thin sheets can only 

support tensile stresses, the sheets can be treated as a 

membrane. Let us assume that the sheet has an initial and 

intermediate thickness w and w(s, t) , where* s is the 

instantaneous coordinate of a small element of unit length 

and width ds at time t, as shown in Figure 4-3. 

From the force balance in the direction of p of the 

small element of width ds, we obtain: 

(l)pr(dcf>) = (l)2ow(d4.)/2 (4-1) 
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a + da d s 

Figure 4-3. 2-D Friction Restricted Forming. 
(a) Instantaneous Sheet Shape; 
(b) Free Body Diagram of an Element 

of Width- ds 

p = wa/r (4-2) 

The force balance in the tangential direction gives: 

(l)wa =l(w+dw)(a+da) (4-3) 

o r ' • . • 

dw = constant = independent of s (4-4) 

From Eq. 4-4, Eq. 4-2 and since p is independent of s, we 

may conclude that r does not change with s. In other words, 

the material will be shaped at time t as a circular cylinder 

or radius r = r(t). Considering at this point the tact that 

the material exhibits a uniform thickness w at the beginning 

of the forming process, from Eq. 4-4 we may say that the 
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sheet is uniformly stressed with a = a _ , independent of 

location s. This consideration implies that at the con

clusion of the first increment of time dt, the same strain 

increment de has occurred everywhere, as it can be deduced 

from the stress-strain rate relation governing the super-

plastic forming process: 

i ' H I / A r-\ 

a = ke (4-5) 

Assuming that the material is incompressible in this non-

elastic process, the uniform straining in the s direction 

can be interpreted as a uniform thickness variation dw. 

Therefore, after the first time interval dt, we have 

returned to a condition of uniform thickness. As this pro

cess is repeated over and over, we can reasonably predict 

that at time t, the material that is free to stretch will 

exhibit a cylindrical shape of radius r == r(t), and uniform 

thickness w = w(t). 

In an ideal situation, that is homogeneous material 

properties, stock thickness and uniform heating seems to be 

all it is required to ensure uniform thickneiss distribution. 

However, as soon as there are small variations in the sheet 

thickness, conventional materials will flow unevenly because 

the flow stress is essentially a function of the forming 

temperature only and necking will most probably take place. 

On the other hand, when a superplastic alloy is considered, 

the whole sheet may stretch at roughly the same rate 
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because the weakness of smaller cross sectional areas at 

some locations may be compensated by the higher flow stress 

required [43], as can be verified by Eq. 4-5. 

To shape the material into its final form as shown 

in the die of Figure 4-2, we may recognize three distinct 

forming steps, as shown in Figure 4-4. 

In the first step the material is free to stretch 

until the radius r(t) becomes r = 1/2, in which case the 

material next to the supports touches the vertical surface. 

Figure 4-4. Steps in Two-Dimensiorial Forming 
(a) Unrestricted Stretching; 
(b) Stretching Essentially Stops at the 
Vertical Surfaces; (c) Stretching Stops 
at Vertical and Horizontal Surfaces. 

The first element of width dx and thickness w that is 
x=o 

formed will be subjected to diminishing tension forces with 

time because as the forming progresses, the frictional 

force F per unit length will greatly reduce the resultant 

stress applied to this element, cis illustrated in Figure 

4-5 where F is: 



48 

F .=' / yp(l)dx = yph 
o 

(4-6) 

(aw>x=o 

/pdx— -•/pdx 

(aw) 

Figure 4-5. Force Balance of Element Under Restricted 
Vertical Stretching. 

As the sheet is formed against a vertical portion of the 

die to a depth x = h, the stress o at x=o is obtained from 

the force balance: 

(aw) = (aw) , - yph x=o x=h ^^ (4-7) 

As a first approximation, we may neglect the stress a _. 

and consider that once the sheet material touches the die 

surface, further stretching becomes insignificant. In that 

case, using the incompressibility and uniform thickness 

conditions in the first step, we may conclude that w = 

is given by: 
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w x=o 

w I 
——-r— = 2W /ft 
TTJl/2 O (4-8) 

where w_ and w . are the initial and final thickness of o x=o 

the sheet at x=o. To determine the thickness at any other 

position x during the second step as depicted in Figure 3bf 

we may use the incompressibility criterion in a time incre

ment dt, where the material in the half cylinder at the 

bottom with thickness w, as shown in Fgiure 4-6, is modified 

into a half cylinder with thickness (w + dw) and two small 

strips of length dx. 

time 

Figure 4-6. Second Forming Step. 

Equating the volumes at times t and t + dt, the 

following expression results: 

(wirV2) . = (W7T&/2) j.+dt
 + 2wdx (4-9) 

or 

dw/w = - 4 dx/ TT I (4-10) 



50 

Integrating Eq. 4-10 and replacing the value of 

w _n from Eq. 4-8, x—u 

£n(w/w _ ) = '&n(-7rw/2w ) = - 4X/TT£ (4 -11) 

or 

, 2 - 4 X / T T & 
w/w = — e 

' O TT 

(4-12) 

where w represents the sheet thickness at a forming depth 

equal to x, as shown in Figure 4-3b, or Figure 4-4. 

The third and last forming step occurs when the sheet 

material is touching both the vertical and horizontal sur

face of the die. Again, let us consider a small change in 

shape the material may undergo during the small time 

interval dt, as illustrated in Figure 4-7. 

time = t+dt 

Third Forming Step. 

It is simple to show that the material free of 

friction has uniform thickness w and (w+dw) at times t and 

(t+dt), as may be anticipated by the anlaysis in the first 



forming step. Also, from the symmetry of the load, the 

small elements formed vertically and horizontally are of 

the same length dx. Under these circumstances, the incom-

pressibility condition can be written as: 

(IT r/2 w ) t = (TT r/2 w ) t + d t + 2dxw (4-13) 

Also, from geometry, we have that: 

r = H-x; dr = -dx (4-14) 

Replacing dx from Eq. 4-14 into Eq. 4-12, we obtain: 

d(rw) _ 4̂  dr 
rw TT r 

(4-15) 

or: 

Jtn(rw/(rw)*) = - in(r/r*) (4-16) 

Solving for w/w*, we obtain: 

w/w* = (r/r*) (4/7r"1) (4-17) 

where r* is the radius when the first element touches the 

bottom surface, indicating the beginning of the third 

forming step. The value of r* is obviously given by 

r = it/2 and x* = H-A/2. It may be recognized also that w* 

also represents the thickness of the last element formed 

in the second step; that is, using Eq. 4-12: 
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w*/w = — e (4-18) 
O 7T 

Using 4-17, 4-18, and 4-14, we may develop a final relation 

valid for x > H-£/2: 

*- = (**>' (w*/w ) = i e"4 ( H" l / 2 ) «* (25=£)
 (4/w_:L) (4-19) 

W W * O IT il 

° 
We can recognize from Eq. 4-19 or Eq. 4-17 that as the 

radius grows smaller in the third step, w also becomes 

smaller. We should, therefore, expect a rather critical 

condition in the last elements formed if the final radius 

is very small. This phenomenon, however, may be attenuated 

in the actual process, as thinning may occur at the vertical 

portion of material after the sheet comes in contact with 

the die surface, and the actual forming time should be less 

than what could be predicted here. In consequence, the 

final thickness of the most strained element, the one to 

form last, should be somewhat higher than the estimate 

given by Eq. 4-19. 

Two Dimensional Friction Free Forming 

It was mentioned before that even with the restricted 

stretching, the material that comes in contact with the die 

will be strained at a diminishing rate with time during the 

rest of the forming process. In fact, although the fric-

tional force F increases with time, it may not be sufficient 
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to balance the applied tension in the free end. For this 

reason it is proposed here to study the material redistri

bution in the other extreme case, namely: unrestricted 

thinning where the friction coefficient is zero in the 

vertical portion of the forms. We may divide the process 

again into the same three distinct steps described in 

Figure 4-3. We may notice that the thickness of the 

material at x = o, when the shee;t first reaches the radius 

r = a/2 at time t = t,, is the same as in the previous case 

qiven in Eg. 4-8, onlv that w here is no longer considered 

a function of position only, but also varies with time. We 

know then that: 

; w A- 0 ' 
w:(0, t, ) =• • 0 -pr ~ - w^ 

1 7T %/ 2 7T O 

From the incompressibility condition, at time (t,.+ dt), 

the new thickness (w•+ dw) is constrained to the following 

relation: 

(w+dw) [-n 1/2 + 2dx] == wir %/2 (4-20) 

The thickness of the two newly formed small vertical ele

ments of length dx and the thickness of the curved material 

will be the same, as shown in Figure 4-8. 

But from a force balance, it is easy to show that 

the tension a acting during time dt in the element dx x=o 3 3 

and the tension a acting in the curved material are the same 
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Figure 4-8. Beginning of the Second Forming Step. 

and are given by expressions 

o = pV2w (4-21) 

Using now the stress-strain rate relationship given in 

Eq. 4-5, we can predict that both the two small vertical 

elements dx and the curved material are strained the same 

amount ds in the small time interval dt. Repeating this 

argument indefinitely, we can conclude that any small verti

cal element during the second fbrming step has been stretched 

the same amount as any element in the free half cylinder. 

Therefore, at the end of the second step, the thickness of 

the material w* is uniform and is given by: 

w* = w /(^ -1 + 2H/£) (4-22) 
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For the third step/ from the force balance and the stress-

strain rate relationship, we can see that both the curved 

and vertical material would have uniform thickness as shown 

in Figure 4-9. For this reason, using the incompressibility 

criterion again* the following relation results for times t 

and t-dt. 

Figure 4-9. Third Forming Step 

(TT § + H-r)w| = wdx + [7r(~) + H-r]w| (4-23) 
^ 't ^ 't+dt 

From geometry considerations we can write: 

H-r = x and dx = -dr (4-24) 

For convenience, let us also call the length, of the free 

material in one side s, then we.have that: 

s = H+r (TT/2-1) (4-25) 

and 



ds = (ir/2-l)dr (4-26) 

Replacing dx in (23) we obtain the following expres

sion 

ds _ d(ws) 

<5 - 1 ) s w s 
(4-27) 

or 

(-Ty-y) 
(s/s*) 1T/Z"J- = (ws/ws*) (4-28) 

Solving for w/w*, we obtain 

• / • * ' • # / * \ ( 4 - T T ) / ( T T - 2 ) / >• O A X 

w/w* = (s/s*) ' (4-29) 

where s* and w* correspond to the values of s and w at the 

beginning of the third step; w* was defined in Eq. (4-22) 

and s* is given by( 

s* = H + (| - 1H/2 (4-30) 

The final expression then for the thickness of the 

material not touching the die is 

W _ L•-..••.:. ••••:;• j S . ( 4 - T T ) / ( l T - 2 ) ••.' 

w~•" ,TT .V, 2H. VH+ (IT/2-1) i/2} 14-JJ-J-
o (2 - 1 + y-). 

where the quantities H, &, and w,. are constant for a given 
• o 

forming process. 



It is interesting to see that the restrained 

stretching, as studied in the previous section, presented 

a critical thinning situation if the final radius in the 

third step was very small,, However, the formulation for 

this free stretching problem indicates that thinning will 

not be greatly affected if the final radius.is very small. 

The obvious explanation for the contrast is that in the 

free stretching there is plenty of material, available that 

is equally strained until the final shape is obtained; but 

in the restricted thinning this is not the case. It should 

also be recognized that since the vertical and curved 

material is stretched all the time in the free forming, 

the metal that is formed first in the vicinity of the wire 

will be thinner than the material close to the top of the 

projections in the restricted forming. This observation 

explains now why the material close to the wires and half

way between projections in the wire reinforced cores had a 

tendency to thin down more than the material at the end of 

the wires, close to the projections. This phenomenon was 

obvserved when the metal sheet was very thin 0.075mm (.003 in), 

and the projections were high and very closei. Another 

important argument that can be brought up in the light of 

Eq. 4-31 is the need for a well lubricated die with very 

good surface finish if one is interested in allowing the 

material to flow more freely and thereby allowing it to 

posses a more uniform final thickness. 
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3-D Symmetric Forming 

The analysis of material flow as a sheet is formed 

into a general shape shell appears to be a rather complex 

problem. In fact, as displacements are large, the bound

aries of the formed pieces are irregular in general, and the 

thickness of the material does not change uniformly, there 

is no analytical means to determine the path that each 

material point follows during the plastic deformation pro

cess; consequently, the thinning of the sheet cannot be 

predicted easily. But as our interest lies in characterizing 

the tendency for the material to flow, a good start in the 

analysis could be to study what happens to a sheet as it 

is formed under tension into a surface of revolution shell. 

In such a case, one may be able to reduce the complexity of 

the analysis and still gain some insight on the most general 

case. Let us consider a circular metallic sheet that is 

clamped at the edges and is deformed under -.the action of a 

truncated cone punch, as indicated in Figure; 4-10 where the 

initial and final position of the sheet are represented. 

As the forming progresses, at a time t, the sheet 

may take the shape indicated in Figure 4-9, where the 

material is considered to behave like a membrane and to be 

under superplastic conditions. The balance of forces in the 

free body diagram of the small element shown in Figure 4-lib 

g i v e s : : . - '._•'••" . . • 



— INITIAL POSITION OF: PUNCH 

TRUNCATED CONE PUNCH 

FINAL POSITION OF PUNCH 

CLAMPING DEVICE 

w(x,t) 

Figure 4-10. Initial and Final Position of Punch 
in 3-D Symmetric Stretching. 

R -x 
o i-

WWll//^ 

W 

o • ̂  ds 

• ( b ) 

Figure 4-11. (a) Intermediate Deformation Stage; 
(b) Free Body Diagram 

(a) (b) 

Figure 4-12. Deformation During Forming. 
(a) Change in Position of a Small Element as 
Time dt Elapses; (b) Path Followed by the 
Element, from Time = 0 to Time == t+dt. 
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2TT (R -x) a(cosct) W-2TT(R -x-dx)(a+ da) (w+dw) cosa = 0 (4-32) 

Eliminating the differentials of higher order, we obtain: 

(R -x)d(aw) +awd(R-x) > 0 (4-33) 

which has a solution: 

(RQ-x)aw = k± (4-34) 

where k, does not change with x but is a function of time 

k,(t). Replacing a using the stress-strain rate relation

ship, Eq. (4-34) can be written as follows: 

(RQ-x)kem w = kj-Ct):-. (4-35) 

Let us concentrate our attention how in the change in length 

and position of the element indicated in Figure 4-12b, as 

an increment of time dt elapses. Consider that at time t 

the length of the element is ds as shown in Figure 4-̂ 12. A 

material point A with coordinates x, s at time t will ad-

+ + ' • •" vance to a new position of coordinates x , s , at time 
+ 

t+dt. Let us call w and w the average thickness of the 

element shown in Figure 4-12 at times t and t+dt respec

tively. Neglecting terms of higher order, the incompres-

sibility condition requires that:: 

27r(R-x)wds = 2TT (R-X+)w+ds+: (4-36) 
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+ + + ; . ' ' • 
where x , w , and ds can be written as 

x • = x . + •—• d t 
dt 

W = w+dw = W + TTT "t 
dt 

The variables ds and w are also related to the true strain 

in the longitudinal and transversal direction as shown 

below 

+ . • + • ' • • . ' 

^L_ = 1 + ds,"ds =-. 1 + de (4-37) 
ds ds 

and 

5L. = i + 5LJ^ = i + dw/w (4-38) 
w w 

where the quantities de and dw/w represent differential 

change of the true strain in the longitudinal and transverse 

direction that occur to the small element of length ds 

during the elapsed time dt. 

Eliminating terms of higher order, Eq. 4-36 can be 

written as: 

-8x d - |w. 
3t + At + de = 0 (4-39) 
R-x w 

or 
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3x 
• m = | t _ 3 w ^ } m ( 4 _ 4 0 ) 

R—X W 

Combining now Eq. 4-40 wi th Eq. 4 -35 , we o b t a i n a r e l a t i o n 

between x , w and t as fo l l ows . 

(R x ) k w t l f | t _ 3wZ3t,m = . ( t ) (4-41) 
O R— X W 1 

It is interesting to evaluate the influence of the terms 

appearing in Eq. 4-41 from a practical viewpoint considering 

typical dimensions. In that order, it can be said that 

since the value of w is only at most 0.05-0.127mm (0.002 in.-

0.005 in.), and as the material is forced mostly to flow 

downward, the magnitude of (3x/3t) is probably much smaller 

than — 3w/3t at some distance away from punch bottom. In w 

other words, Eq. 4-41 could be simplified into the following 

expression: 

(Ro-x)kw(w/w)
m --= k^t) (4-42) 

where negative sign of w has been eliminated and by w is 

meant |3w/3t|. 

Let us study the significance of this equation when 

two material points of initial coordinates x, and x2 (x^x^) 

are considered. For this case Eq. 4-42 reduces to 

R -x, w, , o l ,. lv 1-m , • , • . m t A A ^ \ 

R"=5T ty m (w2/wl> (4"43) 
o 2 2 
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As w, and w ? are equal at the beginning of the process, it 

can be deduced from Eq. 4-43 and from the condition x, • < ,"x2 •'• 

imposed above that at time t = 0, w~/w, > 1. Repeating this 

argument for every increment of time and assuming that the 

ratio (R-x,)/(R-x2) does not vary much with time, Eq. 4-43 

indicates that the tendency for the material away from the 

clamping device to thin down faster than at the outer bound

ary is more pronounced as time increases. 

Although the case presented here refers to a sheet 

that is stretched by the action of a punch as it moves down, 

the analysis should remain roughly valid for when a case as 

depicted in Figure 4-13 is analyzed, in which not only 

tensile load but also normal pressure could be applied to 

the sheet. 

£;..>>. .> \ , , , t > , \ ^DOWN MOTION 

Figure 4-13. Sheet Formed Under the Action of 
Tension and Pressure. 

In the light of Eq. 4-43, it isinteresting to observe 

that the final thickness distribution of the surface of 

revolution shell is not greatly affected by the downward 
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speed of the punch in Figure 4~.11. In fact, Eq. 4-43 can 

always be written in the following manner: 

R ~ 5 T (w1Af2)
1 m > ^dwydw1)

m (4-44) 

where dw.. an£ dw„ are the change in thickness at locations 

x, and x2 during time dt. Following the history of the 

thickness reduction at the two locations which initially 

may have been x, (0), x2(0) , admitting that the ratio 

(RQ-x-j)/(R -x2) does not change significantly, we can see 

from Eq. 4-44 that from the beginning of the process, the 

ratio (dw2/dw,) will be essentially the same for corre

sponding time increments. 

A similar argument can be introduced in reference to 

thickness variations at two different locations, if we 

rewrite Eq. 4-42 in the following form: 

1/m-l , [^(t)]1/"-^ ^ 
w / dw = -=-7—- , , (4-45) 

(R^x)1/"1 k1/m 

Considering small variation of (R -x) and integrating 

Eq. 4-45, we obtain: 

i / i / F , ( t ) - Fn (0 ) 
mCw1/*1 - wn

X/m) = - i - > (4-46) 
(R0-x) ̂ mk 1^ 1 

where F.. (t) is a time function characterized by the punch 

4~.11
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speed, sheet material, and forming temperature, as can be 

anticipated from Eq. 4-35 where we can see the nature of k, 

from the stress-strain rate relationship. 

From Eq. 4-46 we can compare the final thickness at 

two locations X,; and x? as follows: 

1 / m 1 / m ' . " . : ' • • " • ' . ' • ' ' • 
w; ' ••- - w^ ' . R -x~ , , 

1 2 = /; Q 2vl/m (4-47) 
1/m 1/m lR -x_; l4 4/; 

w0 ' - w / o 1 
2 O 

It can be inferred from this equation that variations 

of the punch speed should not appreciably affect the material 

redistribution in the final form. A practical consequence 

of this fortunate phenomenon is that we can afford higher 

strain rates to increase production levels without affecting 

negatively the permissible thickness variations in the parts. 

From Eq. 4-47 we perhaps can also study the signifi

cance of the strain sensitivity factor m over the material 

redistribution. Let us assume that we have two sheets of 

same initial thickness w, but with strain rates sensitivities 

m and (m+dm). We are interested in comparing the thickness 

of the sheet at a location of coordinate x2, after both 

sheets have reduced their thicknesses at a particular loca

tion of coordinate x, < x? to the same value w,. For con

venience, let us define the following quantities: 
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(R0~x2)/(Ro-x1)>= A < 1 

W /Wn = B > 1 
o 1 

w 2 / w , = y < 1 • ' . . . ' • . ' . ' 

m < 1 " 

We can write now Eq. 4-47 as 

(l-B1/m)A1/m = (y1/"' - B1/m) (4-48) 

where y and m are the dependent and independent variables 

respectively. Putting equation 4-48 in a differential form, 

we have 

r -1/m In A ,, ul/m, , -,1/m In B , 1 ,x 1/m In y, , [A —j- (1-B ) + B — y - (-j-̂  - l)-y — ^ ] d m 
m m A • m 

U/m-lK (4-48) 

~ y dy 

Knowing the limitations of A, B„ y and m assigned above, 

it is easy to see from Eq. 4-48 that if dm > 0, then dy > 0 

and dw« > 0. A practical interpretation of this analysis 

is that higher the strain rate sensitivity factor m, the 

m o r e uniform the thickness distribution of the final product, 

which is indeed gratifying. 

Forming Time 

The time consumed to form a piece by pressure forming 

is a very important production factor. We hcive previously 
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shown that material redistribution is basically independent 

of time, therefore, we can safely increase strain rate and 

reduce the forming time. But as the strain rate depends on 

the applied external pressure, our interest lies in deter

mining how the time to form a part is affected by the 

applied pressure p. Let us consider the manufacture of two 

identical parts from same stock material of equal thickness 

(w, = w~) , as the metallic superplastic sheets are subjected 

to pressures p, and p~ [p, > p j . Let us focus the atten

tion at corresponding material points in both parts and 

study the flow pattern which should be the same for corre

sponding times t, and t2 in which the material is equally 

strained and under stresses a-, and a~. The stress-strain 

rate relationship can be written as: 

(c^/c^) = [(de1/dt1)/de2/dt2)]
m (4-49) 

Since both pieces were strained the same amount d£1 = d£_ 

during the corresponding time dt, and dt2, Eq. 4-49 can be 

reduced to: 

(a1/a2)
1/m dtx = dt2 (4-50) 

But, since the geometry of a differential element 

is the same for both cases, as illustrated in Figure 4-14, 

the internal stress a is related to the external load p as 

follows: 
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Va2 = VP2 (4-51) 

Replacing (G-,/a2) in Eq. 4-50 and i n t e g r a t i n g , we 

f ina l ly obtain 

<Pl /P2> 1 / m - V f c l (4-52) 

For the case of Zn-22A1 which has a strain rate sen

sitivity factor of m = 0.48, Eq. 4-52 seems to indicate that 

if the forming pressure is doubled, the forming time is 

reduced to 1/4, as it has been observed by Fields [39]. 

r "1 

Figure 4-14. Small Equal Elements Subjected to Different 
External Pressures p., > p2. 

In a production situation, however, a maximum pres

sure will be limited by the size of the equipment and 

clamping forces. This brings up the second problem of 

interest which is to find the time vs. thickness relation

ship when the applied pressure stays constant but the 
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thickness of the stock changes. In that case, for corre

sponding times t, and t2 giving the same strain, the force 

balance of corresponding sections dA, and dA~ as shown in 

Figure 4-15 indicates that dF, == dF2. The cross sectional 

areas dA, and dA2 are related to cr, and a- by: 

dF̂ ĵ  •= dA-iĈ  = ds,w,a., =-dF2 = •&&J*2a2 (4-53) 

Since the small arc length ds, and ds2 are equal because the 

forms are identical, Eq. 4-53 can be simplified as: 

w2/wl :?= al/a2 = w 2 ( 0 ) / w l ( 0 ) (4-54) 

where w, and w2 are the instantaneous sheet thickness and 

w,(0), w2(0) are the initial thicknesses. Combining Eq. 54 

with Eq. 4-50, and integrating Eq. 4-50, results in: 

[w2(0l/y71(Q)]1/m ^ = t2 (4-55) 

In terms of the Zn-22Al properties, since 1/m ~ 2, Eq. 4-55 

implies that if the thickness is doubled, thei forming time 

is increased by a factor of 4. 

In an effort to relate Eq. 4-43 to a practical situa

tion, the forming example illustrated in Figure 4-15 is pre

sented at this point. The material close to point A in 

Figure 4-13 should experience the largest change in thick

ness, as suggested by Eq. 4-43 and failure may occur at a 

region close to A before the sheet has a chance to take the 
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final configuration. One way to avoid sheet failure should 

be then by putting a small radius at the top of the forming 

die as indicated in Figure 4-15, so that the material sub

jected to the highest strain rate in the forming process 

comes to rest the fastest,and, from friction considerations, 

no further significant straining is possible. 

(a) (b) 

Figure 4-15. Forming Around a Projection. 
(a) Failure May Occur at the Sharp Corner; 
(b) Rounding the Corner for a Successful 
Forming. 
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Sandwich Stress Analysis 

The main object of this analysis is to examine the 

relative importance of the core mechanical properties in 

the performance of a sandwich structure considered as a 

composite materials Relations between sandwich deflection 

and sandwich properties will be developed, such that as a 

sandwich is subjected to external loading, criteria to pre

dict the core properties can be advanced. These predictions 

will be related to the results of the standard testing 

methods described earlier. 

The analysis comprises deformation of panels under 

bending and buckling, edge wise simply supported beams, pre

diction of effective elastic modulus in the flatwise direc

tion and edgewise direction, effective core shear modulus, 

and shear strength. 

Sandwich Bending and Buckling Behavior 

The stress analysis presented here corresponds to the 

case of a simply supported sandwich panel with very thin 

facing. The structure is subjected to edgewise load per unit 

width N and uniform load per unit area q normal to the plane 

of the plate, as shown in Figure 4-16. The condition of 

"very thin facing" implies the following assumptions; 

(1) Stresses in the z direction in the facing can be 

neglected 

(2) Local bending stiffness of the facing is 
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negligible. 

(3) The dimensions d and c of the sandwich, as given 

in Figure 4-16, can be interchanged. 

In addition, it is also assumed that (a) the deflec

tions are small, (b) the faces are isotropic, and (c) the 

sandwich core is much less stiff than the faces. 

The shearing strain can be written following Allen 

[15] as: 

3w 
°zx - (1"X) 3x (4-56) 

where w is the displacement in the direction perpendicular 

to the sandwich palne xy, see Figure 4-16. The quantity A 

will vary between +1 for completely rigid cores and zero for 

completely flexible cores. 

' • • 

t V 
FACING 

T 
i. 

X 

Figure 4-16. Deflection w(x,y) of a Loaded Sandwich Panel. 

The displacement u in the x-direction for a point at 

a distance z from the neutral axis is 

u 
, 3w 

-'ZA-r— 

3x 

(4-57) 
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In a similar manner, the shear strain y in the zy plane 
Y ' . • ' • • 

and the displacement v in the y~direction can be expressed 

as 

3 w •.'• 

Yzy = ( 1" v )
 9y 

3w 
W^iy 

(4-58) 

(4-59) 

The strain y in the xy plane is related to u and v by 

3u •.' 3v 
Yxy 3y 3x 

Replacing u and v above from Eq„ 4-57 and Eq. 4 -59 , 

3 2 

•Yxy = " Z ( A + U ) 3x% (4-60) 

As the sandwich is simply supported, the displacement w can 

be expressed as a sine series [16], i.e., 

v „ „ • ~ • m-irx . niry 
w = E I a sin- sin ——*• 

• , w_, mn a b 
n=l m=l 

(4-61) 

where a is the length of the plate along the x axis and b is 

the width in the y direction, as given in Figure 4-17. 

£ mini W I—p** y 

mTrm 
N 

** 

Figure 4-17. Simply Supported Sandwich Plate Loaded Edge
wise and Normal to the Facing. 
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It will be noticed that the assumed displacement w 

satisfies the zero boundary condition. 

Let us call the strain energy of the core and the 

faces U and Uf respectively. Then the total energy E of 

the system can be written, following references [2] and [3] 

E = U+V'.=.' U + U. + V (4-62) 
c f 

where U represents the total strain energy of the system and 

V the potential energy of the loads. Using the definition 

of strain energy, and replacing the strains as functions of 

w, provided that the effective core shear modulus is negligi

ble, i.e., condition (c) is satisfied, U can be expressed 

following Allen [15] as: 

Uc = Gc § / / [(l-y)
2(|£)2 + (i-X)

2(||)2]dy dx dz 
o o * 

(4-63) 

where d is c+t, as shown in Figure 4-17, G is the effective 

core shear modulus, and y and A are inherent characteristic 

of the core that indicate how rigid is the core in the y and 

x direction under shear. 

In a similar manner, the faces strain energy Uf can 

be computed according to Allen [15] as: 



2 a b 
U- = E- d '* ' f f {X202w/8x2)2 + y2(82w/8y2) 2 + 

r r 4 (1 - V f ) o o 

(4-64) 

+ 2vAy ^-~ ^-~ + -— (A+y)2(92w/8x8y)2}dx dy 
3x 9y 

where vf and E f are the Poisson"s ratio and Young's modulus 

for the face material. 

The potential energy V of the system when the plate 

is subjected to uniform normal load per unit area q and to 

a tensile load per unit length N„ in the x direction as 

indicated in Figure 4-17, is given by Allen [15] as 

N a b ' ' a b 
V = V-.+V = -*/./• (|£) z dy dx - / f wq dy dx (4-65) 

o o o o 

For w, as given in Eq. (4-61), to be the solution for the 

plate displacement it is required that the total energy of 

the system (U + V) be stationary with respect to any of the 

unknown coefficients a , A, and y. That is, 
mn ' 

9(U+V)_ d (-U+V) _ 3(U+V) _"n (A za\ 
_ _ - - _ • - — 3 i r — - 0 .(4-66) 

mn 

Putting U and V as functions of w in Eq. (4-66), the 

following expression is obtained: 

3(U+V)"_ ir*'*2 a Q 2 , „--,2 ab m2. • 4q ab _ n 
8 - a — " ( G d 4" b 1+pn + V T " ^ amn " ~2 SE " ° 

m n a * (4-67) 
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where fl- and P a r e given 

Q = 

P = 

b y : 

2 b 2 , 2 m —~ + n 

a 

i r 2 Etc 

fl- and P a r e given 

Q = 

P = 
2 ( l - v 2 ) G b 2 

(4-68) 

(4-69) 

E and v here are the elastic modulus and Poisson's 

ratio of the facings. 

Let us assume now that there is an interest in 

predicting the behavior of the plate when loaded as in 

edgewise simply sypported compressive tests., For that 

particular case, there is no normal load q, and the condi

tion for Eq. (4-67) to be satisfied is that the coefficient 

of a is zero. This condition determines the value of N , mn x 

the force per unit length to produce a plate failure in the 

(m, n)th mode, as follows 

N ' a 5§./.a)2/£3_- '-•• (4-70V 

x 2 V l+pfl- *4 /U) 
m ^ . . - . . . - . • • . 

From equation (4-68) and (4-70) it may be inferred that for 

any given m, the smallest value of N is obtained when n is 

equal to one. Therefore, Eq. (4-70.) can be rewritten as 

7T2D9 

Nxm = - / K l (4-71) 

where 
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K = (mb/a> a/mb)2 (4-72) 
1 l+p[(mb/a) +1] 

and D~ is the flexural rigidity of the sandwich, defined as 

{D2 = Etdc/(l-v
2)} (4-73) 

Scrutinizing the independent variabiles that are involved in 

Eq. 4-72 and Eq. 4-73, it is interesting to notice that the 

maximum compressive load N before buckling takes place is 

related in a complex manner to the geometric factor a/b, to 

the core height c, elastic modulus and thickness of the 

facing, and to the shear modulus of rigidity G of the core, 

For the edgewise compression test the values of D~, 

b, a, and p will be known in every case; therefore, the 

minimum load N that can be applied to the sandwich struc

ture before buckling occurs may be predicted using Eq. 

(4-71). This minimum load should correspond in general to 

either the first, the second or third failure mode [48]. 

The value D„ for the conventional honeycomb, for all 

practical purposes, depends entirely on the characterisitcs 

of the facing materials; however, that may not be the case 

for the wire reinforced honeycomb. In fact, as mentioned 

in previous chapters, this new core may be significantly 

more rigid than the conventional ones and it may be bonded 

to thinner faces. When no edgewise load (N =0) is 



applied, but only a constant load q normal to the plate 

plane, Eq. (4-67) is reduced to 

• • ' ^ 

mn 7r mn 

or 

am = l a ! iitSf (for m, n odd) (4-75) mn 6 _ ^2 
IT mn D~ft 

where again p and fi take the values as given by Eq. (4-*69) 

and (4-68) respectively„ To find the stresses in the core 

and faces, the strains are determined first as a function 

of w, as indicated below 

ex = 3u/3x = -Xz 3
2w/3x2 

e = 3v/3x = -Az 32w/3y2 (4-76) 

Then, using the stress strain relationship and solving for 

the stresses, we obtain: 

. E ' • 

a = 2(l-v2)"(e +ve ) = x x y 

a = E
 2- (&+ve >• (4-77) 

y 2(1-V) y x 

T = GY 
xy 'xy 
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replacing the values o f e , e and y in Eq. 4-77, a final 
y xy 

expression for the stresses on the plate facings is given 

in terms of w as follows: 
2 2 

~ - _i_r. d6 , a w , yd w 
a = +E 2~ (—2 + — 2 ~ 
x 2(l-v ) 3x •• oy 

a = .+ E _ ^ _ _ (3% + aV (4-78) 
2(l-v^) 8y 8x' 

Edx 32w 
xy; 2(l+v) 3xSy 

1 
where 0 = 1+pft 

Since w will be a known function becciuse the 

coefficients a „ will be determined as functions of q, then mn 

the set of equations given in 4-78 represents the solution 

for the facing stresses for the prescribed uniform normal 

load. 

As in the previous case, it can be seen from Eq. 4-75 

that the deflection w and consequently the strains and the 

stresses in the sandwich are linked through p and fl to the 

core dimensions, properties and thickness of the facings, 

and to the core modulus of rigidity G • 

It is possible through this kind of analysis to 

determine the core shear modulus if a test is performed 

where the deflection or the strain is measured at convenient 

locations and the approximate solution for w is taken as 
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proposed in Eq. 4-61, and solution for a is taken from 
c c mn 
Eq. 4-75. 

The Core Young's Modulus 

The conventional stress analysis for a sandwich 

structure neglects the contribution that the core may have 

in carrying tensile load in the xy sandwich plane. This 

criterion implies that the effective core Young's Modulus 

E is negligible compared to the facing modulus, as illus

trated in Figure 4-18, but for the wire reinforced sandwich 

core, it may not be reasonable to assume that Ec << Ef for 

all cases. In fact, since this new core is rigid by itself, 

some applications may required the use of a core with very 

thin facings, or even just the core alone. Consequently, 

it is appropriate to consider an effective core Young's 

Modulus which is a function of the core geometry and core 

and wire material properties. 

W W A-^5 ••"_, 

7 W W ' ' lF 
Ec « t 

Figure 4-18. Sandwich Under the Action of a Tensile Load 
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As the'wires are firmly embedded in the core, for 

the purpose of estimating E_ without-.embarking upon a com

plex analysis which implies the study of the material 

behavior at the interface, it will be considered that both 

sheet forms and the wire are subjected to the same displace

ment. Inasmuch, as the object of the analysis is to predict 

an average modulus E along prescribed directions and as the 

facing restricts the displacement of the core, rendering it 

more uniform, it will be assumed, that plane sections in the 

core perpendicular to the sandwich plane remain plane after 

an elastic deformation. The core considered in this 

analysis comprises two sheets pressure or vacuum formed and 

bonded together as illustrated in Figure 4-1.9. The first 

\ • • ' . . . " ' . • ' . ' : -

SECOND SHEET HEATED AND READY TO FORM 

WIRE MESH 

•Ẑ _/"~v r v r A 

TWO SHEETS ADHESIVE JOINED 

OR HEAT WELDED 

Figure 4-19. Wire Reinforced Core. 
(a) Core in Process; 
(b) Finished Product. 
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sheet is formed without the wires and the second one has 

the embedded wires in. Both sheets are bonded together 

either by an adhesive or by heat welding. 

From the stated conditions/ it is expected that the 

effective core Young's Modulus to be a function of the wires 

reinforcement orientation with respect to the stress system. 

Consequently, it is convenient to determine the effective 

elastic modulus as the wires reinforcement is oriented in 

various directions. Three basic orientations can be distin

guished, namely: (a) the load is applied in the sandwich 

plane and perpendicular to one of the wire orientations; 

(b) the load is parallel to one set of wire orientations; 

and the most general case, (c) when the load is at an angle 

a from a wire orientation, as shown in Figure 4-20. 

Case a: Ey. To determine Ey the load is applied 

perpendicular to one of the wire directions, as shown in 

Figure 4-20a. 

From the assumption that planes remain planes and 

considering that the flow of material during the forming 

process is rather uniform, the deformation of the complex 

shell-like core can be conceived in a form more convenient 

to work with, i.e., the displacement in the y direction 

should be approximately the same as if the two sheets were 

only joined together without being formed but having the 

wires embedded. The argument that follows is based on this 

mathematical model. 
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N 

(a) 

(b) 

(c) 

Figure 4-20. Different Modes of Loading in the xy Plane. 
(a) Loading Perpendicular to One Set of Wires 
(b) Loading Along the Direction of a Set of 

Wires 
(c) Loading Along a General Direction at an 

Angle a. 
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Let us consider a portion of a sandwich core and its 

corresponding mathematical model as shown in Figure 4-21. 
N_ 

N 

Figure 4-21 

V 

4 

V 

4 x 
l-4'L-wire 
307 

\ r 

ft 

Loading a Core in the y-Direction. 
(a) Portion of ^Sandwich Gore Made by Either 
Pressure or Vacuum Forming; (b) Sandwich Gore 
Model Made by Bonding Together Two Plane 
Sheets and Embedded Wires. 

The points labeled A, B, and C define the intercept of the 

three wires which is located in the projections axis of 

symmetry. As the uniform load N is applied, the points B 
X 

and C are displaced in respect to A in the x and y directions 

the distances u and v. 

The resultant strains in the sheets in the y and x 

direction are: 

e . = 

x 

3v 
= 

V 

ay 
= i cos 30° 

8u u 
9y 1/2 

(4-79) 

(4-80) 
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where I represents the distance between projections. 

The load F that can be carried by the two sheets in 
s • 

a strip of width CB = I would be 

F = 2 t I e E = 2 t V
o n o E (4-81) 

s o y s o cos 30° s ' 

where t is the thickness of one sheet and E is the elastic o x 

modulus of the sheet. The load FT, in the direction y that 
w u 

can be carried by the two wires that are embedded in the 

strip bounded by C and B is 

F = 2 E — c o s 30° A (4-82) 
w w i w 

where E is the wire modulus, A M s the increase in length 

of each wire and A is the wire cross sectional area. 
w 

But from Figure 4-21, Ail is 

A& = v cos 30° - u sin 30° (4-83) 

However, the displacements u and v are not independent of 

each other; they are related through the sheet Poisson's 

ratio v in the following manner. 

ex = 
} 3u u 
ey 9x 1/2 

v 
ex = 

} 3u u 
ey 9x 1/2 v % cos 30° 

We obtain, 

u = v v/2 cos 30° (4-84) 



Therefore, Eq. 4-83 can now be written in terms of v only 

as 

AJt = v (cos 30° - ̂  tan30°) (4-85) 

Referring back to Eq. 4-82, F can be written as 
w 

F = 2E v c o s 30° A (cos 30° - ̂  tan 30°) (4-86) 
W W J£ W /. 

where A is the wire cross sectional area. The total F w 

carried̂  by the sheet'and the wire can now be estimated as 

F - [2 % ^T^ + -2V& ££^~ <cos 30° - I *« 30°r 
(4-87) 

Both the force F and the strain e computed in the 

above manner for the mathematical model correspond to the 

F and e of the real sandwich core. However, the corre

spondence between stress and strain for the real core is 

given by 

a = F/A = E e (4.88) 
c ' c y y 

where E„ is defined as the effective core elastic modulus, 

F is the force given by the expression in Eq. 4-87 and a 

is computed on the basis of the cross sectional area A of 

the core strip which is 

A = Ih (4-89) 
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where h is the height of the core projections. Replacing 

now the values of a and e in Eq. 4-88, the final expres

sion for E is obtained 
. y • . . 

t A 
E = T-°- [2E + 2E ~ y h s w It cos • 30° (cos 30 » t a n 3 0 ° ) ] ( 4 - 9 0 ) 

The nature of this equation indicates that E does 

not only depend on the material properties E , E , and v, 
S V7 

but it is also a function of the cross sectional areas 

ratio A /It which determines the wire to sheet weight 
•w . o 

ratio, and a function of h which determines the core density, 

Case b: E . In this case the load is applied in 

the direction parallel to one of the wires as shown in 

Figure 4-22, and we wish to determine the effective Young's 

modulus of the core in the direction of the applied load. 

Figure 4-22. (a) Sandwich Core Loaded in a Direction 
Parallel to One of the Wires; (b) Initial 
and Final Orientation of the Wires. 
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Again, consider a core strip bounded by A and D projections, 

loaded with a force F and been strained the amount e •'and 
x x 

£_. As the wire arrangement cannot prevent any sheet 

deformation in the y direction, e can be estimated as v e . 
y , x 

Under these circumstances, the load carried by the 

wire BC is F = e A E „ The strain in the wires BD and BA 1 x w w 

is: 

e2 = (~ -^ Ae sin 60° + ex | sin 30°)/& 

or 

e2 = exT-(1"v) 

and the force carried by each of these two wires is 

F2 = Aw e2 Ew (4"91) 

The total force F in the x direction is given by 
** 

F = F.. + 2Fn cos 60° + A e E^ (4-92) 
x 1 2 s x S 

where A„ is the solid cross sectional area of two sheets, 
. s • 

i.e., 

A = &/3 2t (4-93) 
s o 

Defining now the core elastic modulus in the x direction as 



F 
E = X 
x A e •• ' 

• • . . - . -c x 

where A is the cross sectional area of the strip of width 

AD, the following expression is obtained: 

e A E + 2A e •-̂ f (l-v)E cos 60° .+ A e E 
E = X w .w • w x 4 w s x s 
x h*,/a ex 

or 

2t 
Ex - J ^ l d w 2 Ew t1 + T (l-v)J +-jjS E s (4-9 4) 

where dT .is diameter of the wire or reinforcing fiber. w v 

. Case c: E. To determine the modulus E at an angle 

a from one of the reinforcing fiber orientation, it is 

necessary to assume that the core is loaded with a force 

Ft, applied in the direction a. The corresponding stresses 

a,, a2 = 0, and T,2 = 0 that are developed, as well as a , 

a , and t are shown in Figure 4-23. 
y xy 

Calling a , a and T the equivalent stresses x y xy 

generated in the element as it is oriented like in Figure 

4-23b, the following expression results from the Mohr's 

circle [491. 
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xy 

Figure 4-23. Stress State Diagram. 
(a) Stress State in the Directions 1 and 2; 
(b) Equivalent xy Stress State 

2 . 2 
a, = a cos a + a sin a - 2-T sina cosa 
i x y y 

2 2 
a9 = 0 = a sin a + a cos a + 2x „ sina cosa ^ x y xy 

2 2 
x 1 9 • i= 0 = a sina cosa - a sina cosa •+ T (COS a - sin a) 

It is found from this set of equations that 

2 2 
a, = a /sin a = a /cos a 1 y x' 

2 
x = a sina cosa/-sin a xy y 

(4-95) 

In the same way the transformed strains e, , ,e., and y, o can 

be written as 

2 _,_ . 2 . 
e-, = e cos a •+ e sin a - y sina cosa x xy 

. 2 2 
en = e sin a + e cos a + y sina cosa 2 x y 'xy 

(4-96) 

. 2 
12 = 2e s i n a cosa - 2e s i na cosa •'..+ yVTy (cos a - s i n a) 

x xy 
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The strains e' , e , and Y are related to a , a and T 
x y xy x y xy 

by the Hooke's Law in the following manner. 

ex = i ; - ^ V E y 

e = a /E ' - v /E y y y yx x' x 

Y = T /a 1 xy xy xy 

Replacing these values in Eq. 4-96, a final expres

sion for E, is found [49] 
1 (4-97) 

a, E 
_ __l _ ..:. x ... el cos a-(E /E )sin a+(E /G )sin acos a-(v /2)sin 2a x y y xy xy 

where G is the core shear modulus as if the core were 

loaded edgewise in shear only and v corresponds to the 

Poisson's ratio 

v • - ("e /e ) 
x y y x a = o , a * o 

y x 
which is approximately equal to v as previously noted in 

Case a. Equation 4-97 furnishes the relation of the core 

modulus E, in the direction a as a function of the core 

modulus E and E which have been, estimated previously and 

G which can also be predicted in a similar manner as E xy x 

and E as an element, like the one shown in Figure 4-24 is 

loaded in pure shear. The assumption could be made that 



the only wire that can carry any load is DC as the point D 

is displaced to D'. At the same time P moves to P' and the 

assumption is made that PP1 = DD". 

Q'AQ vD'/D P 

xy 

Figure 4-24. Displacement Model to Predict G 
xy 

Core Shear Modulus 

The shear modulus is probably the most important 

property of a sandwich core. A very low modulus causes the 

core to have very large deformations and the; whole concept 

of having a low weight structure with high inertia moment 

is lost, for the simple reason that the facings tend to 

behave like two independent members. In that case, the 

flexural rigidity D of the composite structure as presented 

in Eq* 4-73 has no meaning. Instead, the facings deform 

with respect to their own neutral axis. 

The shear modulus is experimentally determined using 

the ASTM Standard test [50] as shown in Figure 4-25, either 

by aPPlyin9 a load in tension or in compression. The core 



is bonded directly to 12.5mm thick steel plates. 

j The applied force F has a shear and a normal com

ponent which are given by 

Fp = F cosa = Fa/(a
2+c2)lj/2 (4-98) 

LOADING PLATE 

(a) (b) 

Figure 4-25. Core Under Shear. 
(a) Compression Shear Test; (b) Tensile 
Shear Test. 

F__ = F sin a N 

The structure as a whole has no applied external moments 

The relative displacement of the shear plates can be 

exclusively considered due to F . As the core is firmly 
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bonded to heavy steel plates, it is reasonable to assume 

that the displacement v(h) in the direction of Fg of the 

top of each projection (see Figure 4-26b) respect to the 

bottom will be uniform for the entire specimen. 

H^toji /lUNDEFORMElJ.' 
itjyiATERIAL DHv 

)nCf?f 
M\^A/ i 

1 N/-vA\ 1 
Vli s " " x 

TTIJTT r± 

'.HH 
(a) (b) 

Figure 4-26. 

(c) 

Core Geometry. 
(a) Wire Reinforced Core; (b) Loaded Projec
tion; (c) Cross Section A-A. 

Also, due to the symmetry of the applied forces, the loading 

plates can be expected to remain parallel. The considera

tions justify the assumption that each projection is 

subjected to the same load situation, namely pure shear. 

The average shear T' in a cross section such as A-A, 

Figure 4-26c, is 

T ' = F /AN = f-/A (4-99) 

where A is the cross section area/projection at a height 

x, N is £he' total number of projections in the plate, and 
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f is the shear force projection. The shear strain is 

given by 

Y' = T 7 G ' (4-1001 

where G* corresponds to the shear modulus of the core 

material. Let us now define the core shear modulus [1], Gc 

as 

G = T/Y (4-101) 
c 

where T is 

T = F /core area = F /ab = f /A s s s o 

where A = ab/N is the area in the sandwich plane per 

projection and the average shear strain y is given by 

y = v(c)/c = v(h)/h (4-102) 

where c is the thickness of the core, as shown in Figure 

4-17 and h is the height of the projections as shown in 

Figure 4-26b. The displacement v in the y direction is 

related to y1 as follows 

dv(x)/dx = y1 

or 

h • F h V 
v(h) = / Y'dx = ̂  / JT (4-103) 
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To proceed any further, it is neoessarjf • to. formulate a 

relation between x and A(x). The variable A(x) proves to 

be a function of the metal forming parameters, such as 

pressure p, strain rate sensitivity factor m, and projection 

shape. However, if both the projection shape and height h, 

the sheet thickness t and the core material are known, as 
o ' 

well as the forming conditions, it is possible to determine 

an empirical relation between A and x. In that case, A 

could be written as A(x) for a given t and h; therefore, 

'v(h) in Eq. 4-10 3 becomes a known quantity and G can be 

determined from Eq. 4-101. 

As G is directly related to A(x), it is of interest 

to find out the best A(x) function to maximize G for a 
c 

given material and core density. Considering the wire 

reinforced core, let us assume a fixed projection height h, 

same stock thickness t , and a constant amount of undeformed 

material at the top of each projection. Under these condi

tions, and considering Eq. 4-101 and Eq. 4-103, the problem 

of finding an optimum G reduces to minimize the functional 
h ' 

J[A] = / B| (4-102) 

° 

subject to the constraint: 

V = / Adx = (A0t-A;t) (4-103) 
* . O 

where V is the volume of deformed material per projection, 
K* 
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A t is the total volume of material per projection, and 

A't is the undeformed material. o o 

Using the Lagrange multiplier A, the extremization 

of the functional J[A] is equivalent to finding a stationary 

value for the functional 

h dx h 

J1[A,A] = / f- + X f Adx (4-104) 

o A. o 

Euler's equation for the stationery condition of Jf[A,A] is 

|_ ( I + xa) = _ 1 _ + X = 0 (4-105) 
A 

or A = A ' = constant 

and from the constraint condition, A becomes 

A = V'/h (4-106) 
• P 

Even if it might be impractical to generate the 

optimum area, Eqv 4-106 is quite enlightening for a practi

cal consideration because now a given projection shape can 

be selected as a first approximation and depending on the 

material distribution Eq. 4-106 provides the necessary 

information to modify the projection so that a better area 

distribution and an improved G in consequence can be 

achieved. 

Let us now consider a wire reinforced core with a 

given projection height h, initial sheet thickness t , a 
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given separation between projections &.. , as illustrated in 

Figure 4-26, and let us assume that the projections are 

arranged in a hexagon pattern and have such shape that an 

optimum G can be obtained. Under these conditions, A is c o 

known and the cross sectional area A of the deformed 

material reduces to 

A = (A -A')t /h (4-107) 
o o o 

where 

A = (•41+'*j)
2/3/2-

and 

A' ~ irct^A o 1 

As the integration in Eq. 4-103 is executed, v(h) 

becomes 

f h •.-.• 

V<h> = G^A 

r - T h - c £-• Gc ~ v(h) ~ G
 A Q 

and 
/ 
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It is interesting to analyze the significance of the terms 

in this final equation. The expression t /h is equivalent 

to p_/p where p and p are the core and solid material 

densities. The term G' is the shear modulus of the solid 

material and (l-A-'/A ) is the useful material per unit 

weight of the core that is subjected to the shear stress T. 

The rest of the material, the one'distributed on the top 

and bottom of projections may be considered ineffective 

under shear. 

Significance of Core Mechanical Properties 

It is specially meaningful from the economics stand

point and also from that of good design practice for us to 

study the load carrying capacity of sandwich beams under 

different load modes in terms of the core properties. Let 

us assume that there exists a composite structural sandwich 

fixed geometrical dimensions t, c, h, a, b and that we wish 

to assess the sandwich behavior in terms of core mechanical 

properties which would be the remaining independent variables. 

Let us commence our analysis with the case of a simply 

supported beam subjected to a distributed load q(x), as 

indicated in Figure 4-27. 

Using the ordinary beam bending theory, the maximum 

bending moment is related to the facing stress af as 

•of..= D~
 E
f (4-109) 
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q(x) 

rTTl \ 1 ^Trn 
p 

_ _». 
- p 

U — 

Figure 4-27. Simply Supported Sandwich Beam 

where E f is elastic modulus of the facing and D is the 

sandwich flexural rigidity given by 

•7 ? 3 
w bt J

 X T , btcT•- • p be 
D = E,- —^— + Ê - • ~ • + E 'f 6 ' "f 2 c 12 

(4-110) 

The first and third terms of Eq. 4-110 add only less 

than 2 percent to D [15] and they can be disregarded if 

(d/t)z > 33, (4-111} 

and 

E 
6 ( ^ |) (d/c)2 > 100 

c 

(4-112) 

In such case, Eq. 4-109 can be written as 

af = ± 
M Efh/2 

Ef bt d
2/2 

(4-113} 

Should the failure of the beam occur at the facing, and as 
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[ 

long as the geometrical characteristics of the sandwich are 

kept constant, core basic properties are irrelevant in the 

determination of the maximum load that can be carried by a 

simply supported sandwich beam. However, in order to retain 

validity of Eq. 4-110, the beam theory requires that the 

sandwich exhibit one neutral axis only which is common to 

both core and facing. For this reason, the adhesive must 

possess good shear strength to maintain the whole sandwich 

as one single body with no sliding at the facing core inter

face. 

if the failure mode is shearing of the core, the 

governing critical relation is 

T =QMSEi (4_114) 

where Q is the shear load, S is the first moment of area 

respect to the neutral axis, and E is the elastic modulus 

for each area. The evaluation of Z(SE) at a distance z from 

the neutral axis is given by 

ZSE = Ef ̂ ~ + Ec | (|-Z-)(|:+Z) (4-115) 

If the condition in Eq. 4-112 is met, the only significant 

term in Eq. 4-115 is the first one. The shear stress of 

the core given in Eq. 4-114 would be simplified to an approx

imately constant value for the whole cross section equal to 

T = Q/bd (4-116) 
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From equilibrium considerations, as shown in Figure 4-28, 

we have that 

Q = -d_M/dx (4-117) 

q(x) 

M 

Figure 4-28. Equilibrium Diagram 

Assuming two beams of equal geometry loaded in similar 

manner such that at any location x we have: 

q1<x) = kq2(x) (4-118) 

where k is a constant factor, then the respective failure 

conditions are related by: 

/dq. 

< V T 2 ) a s Q i / Q 2 = k7di7> \ (4-119) 

where T, and T ? are the shear strength of the two cores. 

This indicates that if the failure mode of a beam is one of 

shearing of the core, the total load that can be carried by 
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a simply supported beam in any given loading fashion is 

directly proportional to the shear strength. 

Continuing with the analysis concerning the signifi

cance of the core mechanical properties in a sandwich, it 

has been shown previously that for simply supported plate 

edgewise loaded, as shown in Figure 4-29, the maximum force 

per unit length that the plate can support is 

•-'rr2D., 
Nx = — - kx, (4-120) 

where• D, i s the flexural rigidity of the sandwich, which is 

approximately equal to [15] 

D2 = Etd
2/2(l-vf

2), (4-121) 

and 

and 

k± = (mb/a + a/mb)2/[l+p(m2b2/a2+l) ] (4-122) 

p = 7r 2E f td /2( l -v f
2 )G cb 2 

(4-123) 

S.S. 

*&. S3 N 

Figure 4-29. Edgewise Loaded Simply Supported Plate. 
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The analysis followed by Allen [15] indicates that 

when two sandwiches of identical facings and dimensions but 

different core material are compared, the ratio of forces 

reduces to 

(NX)1/(NX)2 = (l+p2F)/(l+PlP) (4-124) 

where F = m2b2/a2 + 1. 

Equations 4-123 and 4-124 illustrate that the effect 

of the shear modulus of rigidity of the core in the force 

ratio becomes more significant when weak cores are compared. 

For that case the force ratio approaches the modulus ratio, 

but it comes closer to unity when stronger cores are compared. 

However, the buckling of the faces may not be the 

failure criteria for the simply supported sandwich, as com

pression failure of the facing may happen first at smaller 

loads. The core strength in the edgewise direction plays 

a role under these circumstances, but this is of minor 

importanct in practice because the loading capacity is much 

higher for the facing than for the core. 

It has been determined so far that the characteristics 

of the core, namely shear modulus, shear strength, elastic 

modulus, do not always make a significant contribution to 

the loading capacity of the sandwich. The significance 

depends upon the type of loading and the boundary conditions 

of the structure. Whenever the core characteristics are 

immaterial, the most fortunate choice is the least expensive 
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cores. However, the internal stresses and the resisting 

bending moments that are developed upon loading are not 

always the governing factors for the selection of a given 

sandwich. The maximum deflection at selected location is 

at times the principal design criterion. There will be a 

correlation between the core mechanical properties and the 

sandwich deflection. The deflection can be thought as the 

combined result of a facing resisting bending moment and 

the shear stress applied at the core. Let us now consider 

an example that illustrates the deflection mechanism and the 

relevance of the core properties: a simply supported beam 

that is loaded axially by a force P and a distributed load 

q(x) , as shown in Figure 4-30. 

qM 
rnTrrrrrTTTrmrrm 

•*• x 

a 
| b 

d 
e 

(a) 

Cb) 

e" 

Figure 4-30. (a) Simply Supported Beam; (b) Unloaded; 
(c) Loaded. 
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A portion of a sandwich as it appears when not loaded is 

presented in Figure 4-30. Figure 4-30c shows how a material 

plane abcde takes a new position a"b"c,d,,c" after deforma

tion. 

It is noteworthy to observe that this new surface 

does not coincide with the corresponding plane a'b'c'd'e' 

which would be the position to be assumed by the plane 

abcde if the core were infinitely rigid. 

The shear strain y of the core is represented in 

Figure 4-30c by the angle b'^'d*. If the angle oc'b" is 

identical by Adw/dx, where oc' is in a vertical position, 

the shear strain can be written as 

y = (l-A)dw/dx (4-125) 

Under the assumption that there is no lateral move

ment of the point c in the neutral axis, the displacement 

u in the x direction of a point a distance z from the neu

tral axis can be put in terms of A, dw/dx, and z. Further

more, if for a given loading situation an approximate j 

displacement function w can be anticipated, both the 

approximate strain energy of the beam U and the potential 

energy V of the load can be computed. 

If a load q is selected such that: 

x 
q = q sin nrr —, (4-126) 
^ ^n L 
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an approximate solution for w could be given as 

w = a sin mr — (4-127) 
n L 

which satisfies the boundary conditions of w(L) = w(0) = 0 . 

The strain energy of the beam U is stored in the form of 

strain energy due to core shearing, strain energy due to 

deformation of the facing as a membrane, and to a lesser 

extent, strain energy due to rotation of the facing around 

its own axis. From the standard formulation that relates 

displacement to strain, stress-strain to energy, and strain 

to stress, it can be shown that U is a known function of A 

and a . Similarly, the potential energy of the loads is 

seen to be a function of a and can be estimated as [15] 
n 

L L 0 

V = / q(x)w dx - | / (S£) dx (4-128) 
o o 

As the equilibrium state corresponds to the condition that 

the total energy (U+V) is minimum, the following expressions 

result 

*4gVL-0 (4-129) 
da n 

8 (U+V) __ n 
8A " V 

Solving for A and a in the set of Eq. 4-120 and 4-130, the 

following is obtained: 
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A = (l'-i|n ?)/(l+ 5 n2) (4-131) 

where 

5 = 4l-cl (4-132) 
L C 

and extending the above analysis, essentially due to Allen 

[15], a can be written as: n 

a = q n :. ' ': • . " • ' • ' •- •' :' ( 4 - 1 3 3 ) 
n 2 2 2 2 2 

2 / ; 2 TT _. d Zt , tZ ; t Z , t 

„ { n - I K b T (—5- + —2)-P> 
L L 1+n % 3d 

From the Egs. 4-131, 4-132 and 4-125 it can be seen that as 

the core modulus G increases, A increases and the strain 
c 

of the core is reduced. The effect of the shear modulus G 
c 

on the deflection of the beam can also be appreciated from 

Eq. 4-133 and 4-127. In the absence of lateral load (p = 0 ) , 

the expression in Eq« 4-133 can be approximated for low 

modulus cores as 

an = 2 2
 n

 3 [l-t2/[l+n2C)3d2] (4-134) 

( ^ ) 2 E b | -

This equation suggests that the deflection of the beam 

w = a sin nTr — can be considered as w = (a' + a" ) sin n L n n 
x 

nu •=- where the first coefficient a1 is a dependent variable 
L n c 
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of the sandwich dimensions but independent of the core 

properties. On the other hand, the second term a" includes 

the quantity £ which is a function of the core shear modulus 

As any loading q can always be interpreted as a combination 

x 
of terms q = £q sin n-rr —, the displacement w in general can 
be written as 

w = W' + w» 

where w" reflects the core properties and w' is independent 

of such propertieso If attention is limited to the deflec

tion of one point, the critical one, a list of values w1 

and w" can be compiled in a tabulated form as 

, , „ , PL3 ,-.. PLC 
w = w' + w" = kL —=— + k b D S h 2 G c b 

where the coefficients k, and k are determined according 

to the nature of the load [481. 
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CHAPTER V 

EXPERIMENTAL PROCEDURES AND RESULTS 

The wire reinforced honeycomb (WRH) as a structural 

component in the sandwich construction has been considered 

in Chapter IV. ' References to general shape and appearance 

of the elements that form the WRH have been illustrated in 

Chapter I. The equipment and instrumentation for the making 

and testing of the WRH has already been discussed in Chapter 

III. This chapter starts by taking on the procedure 

followed in the manufacturing of the WRH. To assess the 

mechanical properties of the WRH, a series of tests were 

conducted following ASTM guidelines• The results concerning 

the compression shear test, tension shear tests, bending 

tests, buckling test, and the four edges simply supported 

buckling test are presented here. 

Seeking a suitable process to join the vacuum formed 

polystyrene sheets together, heat welding was examined. Due 

to the quality of this bond, the adhesive saving and the 

short operational time, heat welding appeared to be very 

promising. Certain aspects of this bonding method, as well 

as the tensile test results to characterize the bond 

strength are presented in this chapter. Correlation between 

variables of industrial value such as forming time, pressure, 

and sheet thickness are also given in this section, as well 



as the sheet thickness distribution after forming as a 

function of location. 

The Plastic Wire Reinforced Honeycomb 

The WRH can be made from either superplastic metal 

or polymeric materials. The construction of the WRH using 

High Impact Polystyrene sheets is explained below. The 

process can be reduced to the following steps: (1) cutting 

the sheets to size, (2) surface preparation, (3) vacuum or 

pressure forming, (4) bonding semicore sheets and wires, 

(5) cutting excess material, (6) bonding the semicore to 

the facings or to the loading plates, and (7) bonding the 

semicores together to make a sandwich. 

The cores were made from polystyrene sheets 0.5mm, 

0.75mm, and 1.00mm thick (0.020in, 0.030 in, and 0.040 in). 

The 120cm x 240cm sheets were cut into 40cm x 35cm (16 in. 

x 14 in.) rectangular pieces which were later cleaned 

either with isopropyl alcohol or aliphatic naphtha so that 

they were oil and dust free. Proper conditioning of the 

surfaces proved to be very important for a good bond. To 

make a semicore (two formed sheets plus wire), one of the 

cleaned pieces is placed in the steel holding frame of the 

vacuum forming machine. The polystyrene is brought to the 

forming temperature between 176 °G (350 °F) and 193 °C 

(380 °F), as it is kept at a distance of about 15cm (6 in.) 

away from the heating coil for some time, between 45 and 80 



seconds, depending on the sheet's thickness. The heating 

time proved to be a very importcint control parameter in 

the reduction of the number of flaws during the forming 

operation, as illustrated in Figure 5-1. 

MATERIAL: HIGH IMPACT POLYSTYRENE 
THICKNESS: 0.75 mm 

Figure 5-1. Number of Flaws per Vacuum Formed Sheet as a 
Function of Heating Time. 
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! Once the sheet is heated up to the correct tempera

ture, vacuum forming will take place, as illustrated in 

Figure 3-1, Chapter III. Some of the excess material is 

removed from the first formed sheet, so that a wire mesh 

can be placed on top of the form, as shown schematically in 

Figure 5-2. 

FIRST VACUUM FORMED SHEET 

(a) 

SECOND SHEET TO EE VACUUM FORMED 

ADHESIVE (IF NECESSARY) 
WIRE- ^ FIRST JSHECT 

T 

t^^Mh^ 
(b) 

Figure 5-2. Core Forming. 
(a) First Sheet is Vacuum Formed; 
(b) Second Sheet With or Without 
Adhesive is Ready to be Formed. 

The preliminary forms were made using 0.125mm (0.005 in.) 

plain carbon steel wires; but the idea was dropped in favor 

of Kevlar 49 which has a tensile strength of 1.3 MPa 

2 . 
(500,000 lb/in ), about twice the tensile strength of the 

steel wires. As the Kevlar comes in a yarn, it lies 

essentially flat on top of the projections and the height 

of all the webs will be approximately the same. The 

Kevlar also proved to be much better to work with and much 
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easier to cut than the steel wires. Nylon fibers were also 

tried. They could be easily cut; however, the diameter of 

the fiber, 0.3mm, was such that webs were formed at three 

different levels. Once the wire mesh is prepared, a series 

2 
of 1mm holes, one every 30 cm of core, is punched in the 

first form to ensure proper air evacuation as the second 

sheet is formed on top of the first one and the wire mesh. 

The two plastic sheets and the Kevlar can be bonded together 

if an adequate adhesive is sprayed on both sheets, as 

illustrated in Figure 5-2b. The adhesive must be such that 

it is not flammable and curing is not completed while the 

second sheet is being heated. Spray Adhesive 7 met the 

conditions specified hereto; however, its cohesive strength 

was not fully satisfactory. Keeping industrial production 

in mind, several attempts to heat weld the sheets during the 

second vacuum forming operation were made; however, the 

vacuum forming machine did not prove to have the capability 

to maintain the first form sufficiently hot without its 

losing shape. 

Still another attempt to heat weld the two plastic 

sheets with the Kevlar embedded was made but only after 

vacuum forming. In this case the sheets were formed with 

no adhesive, they were placed in the furnace for a total of 

6 minutes. For the first two minutes the sheets were 

heated inside the die which was kept at 176 °C (3 50 °F). 

The two sheets were then brought into intimate contact as a 
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pressure of 13£ KPa (20 psi) was applied to the upper sur

face of the forms. The semicores bonded in this way proved 

to have superior mechanical properties than the adhesively 

bonded ones; however, as shown in Appendix C, some of these 

semicores had minor defects, in that the second sheet was 

not touching completely the first one at certain locations. 

They were thus not heat welded properly. In fact, the 

second forms were many times ruptured by the air pressure 

in the vicinity of a flaw. Thus the hot air escaped con

tinuously, and the two sheets were separated and cooled down 

to a temperature below the heat welding range. For this 

reason it was felt that the sheets should be brought into 

intimate contact not by air pressure but by applying a force 

F at the bottom of the semicore. This, it was also felt 

might take place as the components are placed between the 

forming die and the heat welding fixture, as illustrated 

in Figure 5-3. 

Depending on the test to be carried out, the semi-e 

cores were bonded to 0.3mm (0.012 in.) 2024 T3 aluminum 

alloy sheet or to a 6mm steel plate. The surface of both 

the plastic and metals were prepared as specified in the 

Appendix D, following reference [20]. 

To complete the specimens, two sets of semicore-

facing or semicore-loading plate were bonded together, as 

schematically shown in Figure 5-4. 

Modified epoxy (1), toluene (2) , and room temperature 
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HEAT WELDING FIXTURE WTRF 

HEAT WELDING 
FIXTURE 

Figure 5-3. Heat Welding Steps. 
(a) Heat Welding a Semicore; (b) Heat Welding 
a Core. 

FACING 
SEMICORE 

^v_^A 
r^ r^\ / 

LOADING PLATE 
" ^ 

X 
y^w^AlT" ADHbSIVH 

Figure 5-4. Core Bonding. 
(a) Final Bonding of a Sandwich Specimen; 
(b) Preparation of Core for Shear Testing. 
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curing epoxy (3) were tried for the last bonding operation, 

following industrial recommendations and reference [20]. 

The curing of the first adhesive, however, could not be fully 

attained because of the polystyrene cores would have been 

distorted by the end of the process, if a minimum temperature 
V 

of 280 °F for 20 minutes as recommended for the curing would 

have been used. Toluene, the second adhesive, was very 

convenient to work with; however, as it had a liquid consis

tency and as the mating surfaces were not fully parallel, 

only a small percentage of the area was bonded. The third 

adhesive provided a good degree of filing, it was quite 

rigid with good cohesion, but was very fragile and gave poor 

adhesion. 

Heat welding may.be used to bond two semicores v 

together using the fixture illustrated schematically in 

Figure 5-3b. This technique may prove to be rather conve

nient and may be of commercial value. The semicores would 

be placed on the fixture, inside the furnace at a temperature 

of 176 °C (350 °F). A force F would be applied by the 

furnace power screw. The welding should take place in a 

few seconds [21]. 

The Zn-22A1 Wire Reinforced Honeycomb (WRH) 

The metallic WRH were made from eutectoid superplastic 

Zn-22Al sheets having a thickness of either 0.075mm (0.003in) 

or 0.125mm, and an average size of 15cm x 20cm. The sheets 
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were cleaned with aliphatic naphtha and with acetone and 

dried out in the furnace. A first sheet is preheated for 

5 minutes at 265 °C (520 °F) and then pressure formed, as 

described in Chapter III in the section describing the 

Pressure Forming Furnace. The time for the forming process 

to reach completion was a function of the applied pressure 

as illustrated in Figure 5-5. 
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second sheet to be 

As the first sheet is formed and removed from the 

die, the wire mesh is woven on the die boundary frame and 

on top of the first form. The frame is again put in the 

furnace for 10 minutes so that it is brought back to the 

forming temperature. In the meantime, a film of modified 

epoxy AFEPOXy 1, 0.075mm thick,: Is made to adhere to the 

formed. As the die is removed from the 

furnace/ the evacuating holes are punched, the second sheet 

is placed on top of the wire mesh and the hot die is put 

back in the furnace in an average time of two minutes. The 

second sheet is heated for 5 minutes and pressure formed 

between 30-*50 psi. The formation of the second sheet takes 

somewhat longer than the first one, as indicated in the tabu

lation given in Appendix C. This occurs since the second 

sheet has a larger thickness reduction. The combination of 

furnace temperature and forming time is such that the adhe

sive is fully curec. at the end of the forming process. Some 

of the semicores were bonded to the facings or to the loading 

plates with AFEPOXY 2 which is a conventional structural 

adhesive used in sandwich construction. Some of the cores 

were treated to remove only the oil from the bonding surface, 

as it is the standard practice. In an attempt to improve 

the adhesive wetting action, some cores were etched slightly 

with the same solution used for the facings. Further 

details of the Zn-22A1 sandwich core preparations are given 

in Appendix D. 
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The Shear Test 

The shear test is a basic requirement in character

izing the behavior of a light weight structure, as the shear 

strength and the modulus of rigidity G of the core may be 

limiting factors in a particular loading situation. The 

relevant features of the loading apparatus were reported in 

Chapter III and illustrations of the apparatus appear in 

Figures 3-8 and 3—9. Both polystyrene and Zn-'22A1 cores 

Were tested under shear; Tensile and compressive loading 

testing were conducted. 

Figure 5-6 represents the behavior of the High Impact 

Polystyrene core subjected to shear under the action of a 

tensile load. The sheets were 0.508mm (0.020 in.) thick, 

and they were bonded with Spray Adhesive 7 during the vacuum 

forming process. Adhesive AFEPOXY 2, cured for 10 minutes 

at 138 °C (280 °F) was used to bond the core to itself and 

to the loading plates. After several attempts, it was 

determined that 10 minutes was the longest possible time 

the adhesive could be cured without the core losing its 

shape. The maximum load supported by the structure was 

8,900 N (2,000 lbs). The cross section under shear was 

• 2 

124 cm (3.5 in. x 5.5 in.). The failure mode of the 

specimen was cohesive failure of the AFEPOXY 2 adhesive at 

the core-loading plate interface.. There was a considerable 

amount of sliding at the bonded areas and some sliding at 

the grips. Considering that there are four sheets per core, 
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the density of the core can be estimated as 

Density = £&£ (5-1) 

3 3 
where p is the plastic density = 0.768 gr/cm ; (61.2 lb/ft ) 

t is the sheet thickness, and 

c is the core height = 12.7mm (0.5 in.) 

thus Density = 0.123 gr/cm3 = (9.8 lbs/ft3) 

The apparent shear strength of the core can be taken 
from Figure 5-6 as 700 KPa (102 lb/in2), and the ratio of 

2 3 . 
shear strength in (lb/in ) to density in (lbs/ft ) is about 

10.0; however, since the failure happened to be in the 

adhesive/ it can be inferred that the core is capable of 

supporting higher loads. 

For the subsequent experiments, the bonding procedure 

was modified. The semicores were bonded together with 

toluene and again AFEPOXY 2, at 138 °C (280 °F) and a 10 

minute cure, was used for bonding the loading plates to the 

core. The specimens were tested in shear under a compres

sive load, and the results are illustrated in Figure 5^7. 

The cross head velocity was 1.27 mm/min (0.05 in/min). 

Again the adhesive AFEPOXY 2 had a cohesive failure, but at 

a lower stress level than in the previous cases. Also, as 

the mating surfaces of the semicore were not completely 

parallel, only about 15% of the surface was actually bonded 

by the toluene. As a consistent failure of the adhesive 

was taking place, a decision was made to use room temperature 
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curing epoxy to bond the semicores together and the loading 

plates. The results are presented in Figure 5-8. The 

crosshead movement was 1.27 mm/min (0.05 in/min). The two 

0.76mm thick sheets that form the semicore were bonded 

together not with adhesive but by heat welding during 6 

minutes at 176 °C and a pressure of 138 KPa (20 psi). There 

is a marked improvement in both the shear strength and the 

rigidity of the core prepared as mentioned above, as they 

are compared against the results of the previous experiments. 

2 A tensile shear strength of 1400 KPa (206 lb/in ) was 

2 
obtained. This represents a shear strength (lb/in ) to 

3 density ratio (lb/ft ) of 14.0. But once again the adhesive 

joining the semicores together failed. However, the heat 

welded semicores exhibit much higher strength than those 

bonded with Spray Adhesive 7 with the significant economic 

advantage that no adhesive is used in the manufacturing of 

the core. To further improve the mechanical properties of 

the Polystyrene WRH core, in relation to the heat welded 

semicore, it is evident that attempts should also be made 

to heat weld the core-core interface. For this reason, a 

die has been designed and construction is in progress. The 

basic components of this die are two slotted heat welding 

elements, as illustrated in Figure 5-9, which are fastened 

by bolts to the base plates. The die is heated in the 

furnace at 176 °C (350 °F), then a vacuum formed semicore 

is placed on each slotted element., The semicores are 
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Figure 5-9. Heat Welding Die 
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brought closer together as the top base plates slide over 

the guiding pins. The semicores are kept under pressure for 

an appropriate time by the action of the mechanical press 

inside the furnace* The die is removed from the furnace and 

the semicores are quickly taken out as steel lifting rods 

with plastic handles are inserted in the base plates. 

Turning to the tests concerning the Zn-22A1 cores, 

Figure 5-10 illustrates the results of shear test of such a 

core under tensile load. The adhesive AFEPOXY 2 was cured 

at 121 °C (250 °F) for one hour as suggested by the manu

facturer. The load was applied with a cross head velocity 

of 5.08 mm/min (0.2 in/min). The AFEPOXY 2 adhesive had a 

cohesive failure, and there was a very large slippage between 

the loading plates and the semicores, as can be observed in 

the Figure 5-10. The core did not really fail; only there 

was a sign of plastic deformation at the lower border of the 

core and this was due to stress concentration at the very 

end of the testing process. The shear strength and the 

modulus of rigidity computed from Figure 5-10 could not be 

very significant because of the excessive strain at the 

bonding lines which is irrelevant to the deformation of the 

core itself. Figures 5-11 and 5-12 represent typical tensile 

shear test curves for the Zn-22A1 core and for heat welded 

polystyrene cores. 
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Heat Welding Variables 

In the process of manufacturing the heat welded 

plastic cores, it was necessary to determine for how long 

and at what temperature the semicores should be heated. For 

this purpose a series of flat specimens about 166mm x 25.4m 

(6.5 in. x 1 in.) were heated in the furnace in a tempera

ture range between 94 °C (200 °F) and 176 °C (350 °F), at a 

pressure of 1.4 KPa (20 psi), for different time intervals. 

The specimens that were heated between 94 °C and 149 °C did 

not heat weld even after 20 minutes of heating. However, 

the specimens that were heated at 163 °C and 176 °C were 

bonded in less than two minutes. The specimens were cleaned 

with isopropyl alcohol, but some were cleaned and 

intentionally covered with a very thin film of oil. These 

oily specimens did not bond at all, indicating quite clearly 

that surface cleaning for heat welding is a mandatory 

requirement. A preliminary set of specimens was prepared 

and samples subjected to tension testing. It was seen that 

failure in the cross section occurred, indicating that the 

bond was stronger than the base material, see Figure 5-13a. 

This problem was solved by increasing the cross sectional 

area of the specimens and reducing the shear bonding area, 

as indicated in Figure 5-13b. The results of the new tests 

are presented in Figure 5-14 for 163 °C and in Figure 5-15 

for 176;°C. It was observed in both cases that if the 

specimens were left too long in the furnace, the shear 
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strength of the bond had a tendency to diminish. To 

corroborate this phenomenon, a series of tensile test 

specimens were prepared, 10cm gage length 1mm thick, and 

about 12.5mm in width., The specimens were heated in the 

furnace at 163 °C (325 °F) for different time intervals. 

It was found that the tensile strength, the yield point, and 

the modulus of elasticity of the high impact polystyrene 

dropped continuously as a function of heating time, as 

illustrated in Figures 5-16 and 5-17. It may be inferred 

from these tensile tests that the reason why the heat 

welding shear strength dropped if the specimens were for 

too long in the furnace may be linked to material degrada

tion effects as a result of annealing. 

The Four Point Bending Test 

The behavior of a beam subjected to pure bending 

gives an indication of the elastic modulus of the core in 

the L direction. The bending apparatus was described in 

Chapter III. The load was applied as indicated in Figure 

5-18. 

273mm 
~ 2 5mm i^r,, ,~-~k in ii ii in M n n i rrrrTTT 

?~7_? 12.7mm steel bar 

Figure 5-18. Four Point Bending Test. 
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The distance "a" was varied from test to test. The 

beams were made by bonding two sandwiches with RTC Epoxy. 

Strain gages were mounted in the central portion of the top 

facing. The Zn-22Al cores were bonded to the facing with 

AFEPOXY 2 and plastic cores were bonded with RTC Epoxy. The 

Zn-22A1 cores were tested at a cross head velocity of 0.508 

mm/min (0.02 in/min) and the plastic cores were tested at 

1.25 mm/min (0.05 in/min). The loading bars at the top of 

the beam were separated a fixed distance of 273mm (10.75 in) 

and each bar was about 44mm (1.75 in) from the free ends, 

according to ASTM Specifications. The beams were 89mm wide 

(3.5 in). To reduce stress concentration, the loading bars 

were covered with a double coated adhesive foam, 0.80mm 

thick (1/32 in). Figures 5-19 and 5-20 are the test results 

for High Impact Polystyrene cores and Zn-22A1 core respec

tively. The flexural rigidity D of the core can be 

determined by combining Eq. 4-109 and the results in Figures 

5-19 and 5-20. The height c for the Zn-22A1. core is 7mm 

(.276 in) and for the polystyrene core is 12.7mm. The 

facing thickness is 0.30 5mm (0.012 in) and its modulus E is 

7 7 - ' " ' ' • . ' • ' • . • • • 

6.9 x 10 KPa (10 psi). Eq. 4-109 can be written as 

D = Z A M/Ae, where Z = c + t and AM/Ae can be taken from 

Figure 5-19 or 5-20. Computing the value of D, it is found 

that 
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Dpoly = 2 9 5 N""m2 ; (105 lb/in2) 

DZn-22Al " 6 1 N""m2 ' (21'000 lb/in2) 

Using Eq. 4-110, the modulus E of the cores are 

computed as 

E (Poly) =6.89 x 106 KPa; (106 lb/in2) 

Ec(Zn-22Al) = 4.35 x 10
6 KPa; (630,000 lb/in2) 

The Two Edge Simply Supported Buckling Test 

The behavior of a simply supported sandwich under 

compression, loaded as indicated in Figure 5-21, is a 

function of the modulus of rigidity of the core. For this 

reason, a series of light beams with a 2n^22Al core were 

tested under buckling. 

-^CgUDXDJ-l 11111111' 11 TXDK>^ 

Figure 5-21. Two Edge Simply Supported Buckling Test. 

The experimental apparatus was described in Chapter 

III. The Zn-22A1 sandwich beams were prepared using 
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adhesive AFEPOXY 2„ To avoid mctjor stress concentrations, 

the loading ends of the sandwich were filled with RTC Epoxy 

and covered with a double coated adhesive foam. One strain 

gage was mounted on the center of each side of the sandwich, 

not only to record the deformation, but also to help in the 

alignment of the sandwich, i.e., to even load the facings. 

The average strain recorded by the two strain gages at the 

beginning of the test may be used to determined the modulus 

of elasticity of the core in the direction of the load. 

The test results are given in Figure 5-22. The even distri

bution of the load turned out to be somewhat difficult. In 

all cases a buckling failure took place as a result of the 

adhesive failure. The maximum load P that can be carried by 

the beam is related to G as follows [15]. 

1/P = 1/PE + 1/AG (5-2) 

where P„ is the load that could be carried by the sandwich E 

assuming infinite shear modulus and is given by 

2D 2 d2 

PE = ~L~ = r i Ef b t 2~ 
jj 

Also, A in Eq. 5-2 is given by 

2 
A = d b/c 

The tests variables have the following average values 
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7 
Ef = 6.80 x 10 KPa (107 psi) 

b -0.080m (3.5 in) 

t =0.0003 m (0.012 in) 

d = 0.0073 m , (0.288 in) 

c = 0.007 m (0.276 in) 

L =0.1397 m (5.5 in) 

P =3830 n (860 lbs) 

Replacing these values in Eq. 5-2, it is found that 

the core shear modulus is: 

Gc(Zn-22Al) = 6760 KPa, (980 lb/in2) 

The Four Edge Simply Supported Buckling Test 

As the two edge simply supported buckling test proved 

to be difficult to align, which is in agreement with refer

ence [16], p. 157, it was thought that a better way to 

determine the core G and E modulus could be by performing 

the four edge simply supported test. The modulus G is 

related to the maximum compressive load N per unit width, 

as shown in Eq. 4-70, and the modulus E can be computed from 

the force-average strain relation. The sandwiches were 

supported on both facings along two vertical lines 8.9cm 

(3.5 in) apart and along two horizontal lines 14cm (5.5 in) 

apart. They were supported in such a way that they were 

free to move in the vertical and horizontal direction under 

the sole action of the compressive load. The polystyrene 
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core was bonded with toluene at its mid plane and bonded 

with RTC Epoxy to the facings. Strain gages were mounted 

at the center of each facing. The loading ends were pre

pared with epoxy and covered with double cocited polyurethane 

foam to reduce stress concentration. The results are given 

in Figure 5-23 for the Zn-22A1 core and in Figure 5-24 for 

the polystyrene. The balance of forces in the direction of 

the applied load furnishes the relation below from which E 

can be computed directly, 

AP = AefE-JVp + E A ) (5-3) 
f t c c 

where AP and Ae can be taken from the Figure 5-23 and Figure 

5-24, and Af and A are the cross section of the facing, and 

the core. Using Eq. 5-3 and considering that the height of 

the Zn-22A1 and the polystyrene cores are 6.3mm (0.250 in) 

and 12.7mm (0.5 in), it is found that 

Ec(Zn-22Al) = 2'21 X 1C)6 K P a = (330f0°0 lb/in2) 

E' , , = .793 x 106 KPa = (115,000 lb/in2) c(poly) 

The failure mode in all cases was the same. The cores were 

not affected apparently by the load; but the facings appeared 

to fail by wrinkling which results from a combined effect 

of the compressible load P and the normal stresses acting 

on the facings as a reaction by the core, as shown in Figure 

5-25 [151. 
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Figure 5-25. Wrinkling of a Sandwich Testing 
Under Compressive Load. 

The relation between P, D, E is given by Allen as 

PIT' DTT = abA (5-4) 

where a = 2TTE /(3-v ) (1+v ) 
\*» K+ w 

and D = Efbt3/12 

However, considering that the average Jl for the Zn-22A1 core 

was about 18 mm (0.7 in) and for the polystyrene core was 

25.4mm (1.0 in), and taking the failure loads given in 

Figures 5-23 and 5-24, the values of E are estimated as 

Ec(Zn-22Al) " 3 4 , 5 0° K P a =; (5'000 lb/in2) 

E , , , =28,000 KPa === (4,000 lb/in ) c(poly) 

As these later values of E are no where near to the 
c 

former values which were determined in a dire;ct manner, it 
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can be reasonably assumed that the failure occurred because 

the adhesive bonding of the core to the facings was stressed 

under tension to its limit, and the adhesive* either had 

cohesive failure as in the Zn-22A1 cores or adhesion failure 

as in the polystyrene cores. Under these circumstances, the 

failure criterion expressed in Eq. 5-4 does not apply and 

it can be safely inferred that the WRH cores are capable of 

withstanding much higher loads than what the four edge 

simply supported test revealed. 

Core Thickness Distribution 

The wire reinforced honeycomb (WRH) core mechanical 

properties are greatly influenced by the way the material 

flows in a vacuum on pressure forming process. The shape 

of the projections inserted in the die base to form the 

cores, see Figure 3-2, the properties of the sheets at the 

forming temperature, the strain rate and the distribution 

of the reinforcing wires are all contributing factors in the 

material flow process. A flow study for strain rate sensi

tive materials was presented in Chapter IV, where two 

distinctive problems were considered^ (a) friction free 

flow around the wires and (b) restricted flow around the 

projections. Attention was called then to the perhaps 

critical degree of thinning that may take place at the end 

of a forming process in a restricted flow case, as compared 

to the fairly uniform thickness distribution that ideally 
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happens in a friction-free flow around the wires. The 

analysis of the material flow in a WRH core is quite involved 

from a geometrical standpoint; however, the way the material 

is redistributed in such structures should bear some 

resemblance to the theoretical distribution presented in 

Chapter IV. For this reason, the thickness of both High 

Impact Polystyrene and Zn-22A1 sheets formed with or without 

wires were examined following different paths and examined 

according to the predictions. Strips of material about 1mm 

wide were cut in all cases, and the strips thickness was 

measured at 1mm intervals, as shown below. Paths 1, 2, 2*, 

and 3 correspond to sheets formed without wires, and paths 

4, 4*, and 5 have the wires embedded. The path 5 correspond 

to a core with a square pattern and 13mm high cylindrical 

projecting. The results are presented in Figures 5-27, 5-28, 

5-29, 5-30, and 5-31. Figure 5-27 represents the thickness 

ratio w/wo of High Impact Polystyrene sheets, 0.762mm thick 

(0.030 in), as they are formed in the die illustrated in 

Figure 3-2, having truncated cone projections 6.25mm high 

inserted. It is interesting to observe that the thickness 

of the sheets reduces continuously from the top of the die 

to the bottom. This effect is more pronounced in the portion 

of the sheet that is formed against the flat vertical 

boundary of the die, where a critical thinning tends to 

take place during the last stage of the forming process. 

No change in thickness was observed at the flat top 
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Figure 5-2 6. Several Cross Sections of WRH Cores 
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of the projections in any of the cases studied; however, 

the flat bottoms of the forms seemed to have a maximum 

thickness where the material first touches the die bottom. 

The thickness is slightly reduced at both sides of the 

maximum and the reduction is more pronounced at the vicinity 

of the projections- Figure 5-28 illustrates the thickness 

distribution of High Impact Polystyrene sheets as they are 

formed with a mesh of wires embedded in a triangular fashion. 

Again the material is thicker at the top of the projections 

than at the bottom. However, it is interesting to observe 

that the material that drapes around the wires in a friction-

less flow manner seems to be more uniformly distributed. 

This effect, perhaps, can be better observed in Figure 5-29 

corresponding to High Impact Polystyrene cores 12.5mm high 

formed around a mesh of wires in a square pattern. The same 

trend is again observed in Figure 5-31, where the thickness 

ratio w/wo for Zn-22A1 cores with wires in a. triangular 

fashion is presented. 

Attention is called to the fact that the flow behavior 

around the conical projections for the Zn-22A1 sheet with 

and without wires embedded seem to be compleitely the opposite. 

Thinning tends to occur at the top of the forms without 

wires, Figure 5-30, and at the bottom of the forms with 

wires, Figure 5-31. This apparently opposing behavior can 

be exploited to control the thickness at will. Therefore, it 

appears possible at least for the Zn-22A1 cores, to approach 
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best configuration for optimum core shear modulus; that is, 

a configuration with uniform cross section, as demonstrated 

in Chapter IV. 

al Die Inserts 

Flat Die Boundary * 

Q — — o * Q O- O——•4 

w/w —£— 

-—• ° — ^ T 

Figure 5-27. Thickness Distribution Ratio w/w in High 
o.,. Impact Polystyrene Forms with no Wires. 
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Figure 5-2 8. Thickness Distribution Ratio w/wo of High 
Impact Polystyrene in WRH Cores Along Paths 
1 and 4*. 
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Figure 5-29. Thickness Distribution of a High Impact 
Polystyrene Formed in a Square Pattern with 
Wires Embedded. 



Figure 5-30. Thickness Distribution of aZn~22Al Sheets 
Pressure Formed with No Wires Embedded. 



i t T h i c k n e s s WQ = 0.09mm ( 0 . 0 0 3 5 i n ) w i r e 

Figure 5-31. Thickness Ratio w/wo Distribution for Zn-22A1 
Sheets Formed with Wires Embedded in a 
Triangular Pattern. 
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CHAPTER VI 

ANALYSIS OF DATA AND DISCUSSION 

A preliminary discussion of the experimental results 

has already been introduced in the previous chapter in an 

effort to point out the relevant characteristics of the WRH 

cores. Comparison of the results with the theoretical 

predictions and discussion of discrepancies will be presented 

in the current chapter. 

Vacuum Forming Variables 

In order to properly vacuum form the High Impact 

Polystyrene sheets, it was necessary to find the optimum 

value of the forming parameters. The results were presented 

in Figure 5-1, Chapter V. The evidence indicates that for a 

fixed separation between the heating coil and the sheet, and 

a fixed power consumption, the heating time is the variable 

to control. It is shown in Figure 5-1 that for a separation 

of 15 cms, the 0.76 mm thick polystyrene sheets should be 

heated for about 50 seconds for best results. Under these 

conditions the thickness distribution is quite uniform, and 

it can be inferred that the material is very much strain rate 

sensitive. If the heating time is too long, the material 

seems to be less strain rate sensitive, the thickness 

distribution is very.poor and degradation of material 
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properties as well as porosity becomes a concern. On the 

other hand, if the sheet is hot heated sufficiently, cracking 

at the most stressed areas may take place, the vacuum can not 

be sustained, and no forming is possible. 

The Pressure Forming Variables 

Pressure, forming time, and temperature are the most 

relevant parameters in the forming process from the economic 

standpoint. Figure 5-5 illustrates the relation between 

forming time and pressure for ja fixed temperature of 270°C 

and sheet thickness of 0.075 nun. The curve for the Zn-22A1 

alloy seems to confirm the validity of Equation 4-52; that is, 

(P 1/P 2)
1 / m = • • V * l (4-52) 

The experimental value for m obtained from Figure 5-5 gives 

m = 0.58 (6-1) 

which is 20 percent higher than the m found in the literature 

[29]. It should be pointed out at this point that as the 

superplastic sheets are very thin, they may be very sensitive 

to temperature Variations of the fluid applying the pressure. 

This perhaps can account for the slight difference between 

the m as reported here compared tp other values found else

where. 
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The Shear Test 

The object of the shear test is to determine both the 

shear strength of the core T and the modules of rigidity 
^ max 3 •* 

G . c 

A formulation to predict the value of G was presented 

in Chapter IV, 

Gc = r G' ( l- AA l (4-108) 

where t is the total thickness of solid material (4w ) o o 

needed to make the core. A" and A are given by 
o o • . 

A - A 274. 
A_ = ird.. o 1 

Ao = (dl + £ 1 } # / 3 / 2 

For the above quantities, we will take the following values 

for the Zn-22A1 alloy cores (see Figure 5-25). 

w = 0.0762 mm .(0.003 in) 

c =7.0 mm (0.276 in) 

G' = 2 1 X 10 6 KPa ( 4 . 5 x l O 6 l b / i n 2 ) 

A ' / A = 0 .19 o' o 
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Substituting these values in Eq. 4-10 8, we obtain: 

Gc(Zn-22Al) = 1-1 x 1Q6 K P a = 158,000 lb/in2 (6-2)-

For the core variables for the polystyrene, we will 

take the following values: 

w = 0.762 mm (0.030 in) 

c = 12.7 mm (.5 in) 

G' = 590 ,000 KN/m2 ( 86 ,000 l b / i n 2 ) 

AVA = 0 .19 o o 

and using Eq. 4-108 

G , , , * 115,000 KPa = (17,000 psi) (6-3) 
c(poly) v 

A similar expression can be ascribed to predict the shear 

strength of the core T and can be written as 
• • • • : • . c . ••• - .,.;. 

To = Ts A s / A V (6~4) 

where T represents the shear strength of the solid material, 

A is the solid cross section area of the core, and A is 

the total area of the core (A = b«L). If a constant cross 
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section A is assumed and considering that the material 

located on the flat top and bottom of the core, which amounts 

to 15 percent of the total core material, offers little 

resistance to shear, A can be written as 

A z 4(0.85 w ) ^ C6-5) 
s • o G ' 

and 

4 (.85 w ) 

T = T —~ ~ - 9 ~ (6-6> 
c s . c 

where w is the initial thickness of each of the four sheets o 

making the core. Using the maximum shear failure criteria 

for both Zn-22A1 and polystyrene, T can be estimated as 

a n d 

Then 

T s ( Z n - 2 2 A l ) = 1 0 4 ' G 0 0 K P a ^r 1 5 , 0 0 0 j?si ( 6 - 7 ) 

T s ( p o l y ) = 2 1 ' 0 0 0 K P a = 3 0 5 0 p s i 

T c ( Z n - 2 2 A l ) = 3 8 0 K P a = (550 p s i ) ( 6 - 8 ) 

T , -, v = 2150 KPa = (310 p s i ) c ( p o l y ) *• 
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Let us examine now the results of the shear tests for both 

High Impact Polystyrene (HIP) and Zn-22Al cores on the light 

of the predicted values for G and T . Figure 5-6 gives an 

apparent tensile shear strength of the HIP cores of 700 KPa, 

which is only 35 percent of the estimated value; however, 

the failure occurred at the core-loading plate interface. A 

substantial relative motion at such interface was recorded 

and translated into a shear strain; but this does not 

represent a deformation of the core itself. This now explains 

why the experimental value for G^ = 15,000 KPa is quite low 

compared against the estimate given in Eq. 6-3. 

The value for the apparent T when the core bond is 

made with toluene is 505 KPa (73 psi) and G is about 

20,000 KPa, see Figure 5-7. Once more both quantities T 

and G are reported below expectation; however, the failure 

was again a cohesive failure of the adhesive at the core-

loading plate interface. At this point the trend of the / 

experiments indicated that improvement of the adhesive was 

necessary. In this report, the semicores (two sheets with 

wires embedded) were not adhesively bonded but heat welded 

and RTC epoxy was used for the core-core and core-loading 

plates bond. The test results, see Figure 5-8, represent 

quite an improvement. The apparent shear stress T was 

increased to 1400 KPa 

Tc(poly) = 1 4 0 0 K P a ' C 2 0 6 p s i ) (6-9) 
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and 

G ' -L V = 100,000 KN/m2, (14,500 psi) (6-10) 

The failure was a sudden adhesion failure of the RTC Epoxy 

at the core-core interface, with no indication of slippage. 

It is quite interesting to observe that the value of G 

obtained experimentally falls short of the expected value 

by only'15 percent. The shear strength is still about 30 

percent below the estimates given in Eq. 6-8; however, the 

failure mode indicates that the shear strength can still be 

further improved as better adhesives become available. This 

experiment was nevertheless quite enlightening and convincing 

that the best shear strength, T^, and modulus of rigidity G 
o c 

for the polystyrene cores are found with heat welded cores. 

These, of course, are the least expensive of the types 

considered and can be readily welded during the vacuum 

forming process in a production line using the heat already 

present in the sheets at that stage. As the results of the 

heat welded cores were quite encouraging, it was thought that 

one of the next logical tasks to be carried out in future 

work would be using heat welding not only to join the two 

sheets forming the semicores, but also to join two semicores 

as indicated in Figure 5-3b. No problems are anticipated 

here as the process is frequently used to bond plastics [21]. 

More importantly, the shear strength of the core should 
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certainly be improved further. Referring to the Zn-22Al 

cores, the results of T and G fall below the expectation, 

which is a reflection of the consistent adhesive failure, as 

can be observed in Figure 5-9. However, considering the good 

thickness distribution as evidenced in Figures 5-29 and 5-30, 

there is plenty of room for improvement of the WRH Zn-22A1 

core properties as soon as an adequate adhesive is found. 

Let us now make a comparison of the actual data gathered with 

the heat welded High Impact Polystyrene cores against some 

of the conventional honeycomb materials on the market. All 
'3 

the properties are referred to a core density of 0.123 gr/cm 
3 

(9.8 lb/ft ), the actual density of the WRH cores tested, 

and linearity of the properties with respect to the core 

density has also been assumed. It can be observed in Figure 

6-1 that the heat welded WRH cores and the non-metallic 

commercial honeycombs have comparable shear strength; but 

the WRH core has a clear improvement prospect if the semicore-

semicore bond is also performed by heat welding. 

Equally interesting is the comparison of the modulus 

of rigidity G presented in Figure 6-2. The only core 

material exhibiting slightly better rigidity than the WRH 

core is the Kraft paper; but the WRH appears to be a better 

choice on considering other factors such as shear strength, 

decay, weather resistance, and density range [3]. 
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The Four Point Bending Test 

The intention of this test was to determine if the 

core modulus E had significant influence in the coefficient 

D, which normally is evaluated solely on the characteristics 

of the facings, as presented in Chapter IV. In order to have 

an approximate reference for E , let us estimate its value 

using Eq. 4-92, assuming that 

E = Ev _•' =131 x 106 Kti/m2 (19 x 106 psi) 
w Kevlar . • . * ' 

Es(Zn-22Al)> Es = 82 x l0& ^ *' (i? ̂  106 psi) 

Es( ol ) = 1'6- X 1C)6 K N / m 2 (230,000 psi) 

A = 0.02 mm2 (0.00005 in2) 
w 

Inserting these values in Eq. 4̂ -92, it is estimated that 

Ec(Zn-22Al) = 3'7 X 1()6T®/™2 (540,000 psi) 

E ' 1 . = 420,000 KN/m2 (61,000 psi) 

The experimental values for E were determined in Chapter V 

based on the results presented in Figure 5-̂ 13 and 5-19. The 

experimental value for the Zn-22Al cores is 15% better than the 

estimated value shown above. The High Impact Polystyrene 
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results seem to be much higher than the predictions and this 

perhaps may be attributed to the combined effect of the flat 

portion of the polystyrene and the wires that are far from 

the neutral axis and also to the fact that a continuous layer 

of good adhesive was used in the core-facing interface. The 

recorded charts from the Instron universal testing machine, 

relating the displacement of the cross head to the applied 

force, exhibited an early yield point when the plastic cores 

were tested, and this is iri agreement with the solid polystyrene 

behavior in the tensile tests that were conducted. This may 

be taken as an indication that the core modulus E may have 

a real contribution to the sandwich construction performance 

under bending; therefore, the flexural rigidity D may in fact 

be significantly affected by E . 

The Two Edge Simply Supported Buckling Test 

This test was only carried out with the Zn-22A1. The 

purpose of the test was to obtain another experimental 

expression for the modulus of rigidity G and to compare it 

against the data obtained in the shear test. The results of 

the test are presented in Figure 5-21. As the failure occurred 

at the core-facing interface, displacement discontinuities 

may have developed at the interface and the net result was 

that the members comprising the sandwich beam were only 

partially joined. The experience from the shear tests 

confirms this observation. In consequence, the value derived 
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for G from Eq. 5-2 and Figure 5-21 may not be very signifi

cant. 

The Four Edges Simply iSupported Test 

With this test it was possible to make a direct 

measurement of E taking into account the "average strain 

reading as a function of the applied force in the first 

portion of the loading. Using Eq. 5-3 and Figure 5-22 and 

5-23, it was possible to determine E , and the experimental 

value of E for both Zn-22A1 and High Impact Polystyrene 

cores were in the range of the predicted value using Eq. 4-92. 

As to the failure mode, it is quite evident that the 

maximum load was limited by localized adhesive failure at 

the core-facing interface, as has been argued in Chapter V 

on the basis of the results derived from Eq. 5-4. 

Gore Thickness Distribution 

As previously pointed out, the thickness distribution 

of the formed sheets is a dominant factor that determines 

both the shear strength T and the modulus of rigidity G 

of the wire reinforced honeycomb (WRH) core. In the 

discussion that follows, an attempt is made to explain why 

the material flows in the various patterns illustrated in 

Chapter V. 

An important observation was made in the previous 

chapter referring to the completely different material 

distribution around the surface of revolution projections for 
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the Zn-22A1 sheets, depending if they Were formed with or 

without wires embedded. The explanation for the thinning at 

the top of the truncated cones when no wires are used seems 

to be given by Eg. 4-34 and Eq. 4-43. In fact, if attention 

is concentrated on one single projection, it will be seen that 

it is surrounded by six more projections which are arranged 

as indicated in Figure 6-3. 

Projections 

Figure 6-3. Projection Arrangement in the WRH Core 

If the sheets are formed with no wires, it can be assumed 

that the effective amount of material been formed around the 

central projection is a circle of radius R = 8 nun, and the 

radius at the top of the projection is R " •=* 4 mm. If 
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Eq. 4-43 is used to compare the thinning taking place at 

points A and B in Figure 6|-3 when the sheet still has uniform 

thickness w , a thinning ratio w_/w.. = 3 . 2 results. As the o HA 

process continues, thinning at location B tends to be accentu

ated because w_, < w at any other time. 
xJ A 

However, when the wires are placed on top of the 

projections, the material closer to the top of the projections 

takes a curvature with a smaller radius than the material 

further away from the projection top, as the pressure is 

applied. This point is illustrated in Figure 6-4 where two 

small elements AA and BB are considered. 

(a) 

A 

Nk IVA 

(b) 

dcf)/2 

Figure 6-4. Internal Stresses in the Forming Process 
(a) Portion of a Sheet in the Forming Process 
(b) Force Balance of Small Elements 

Since the curvature of the sheet in the radial 

direction is negligible, the pressure p is only balanced by 

the tangential stress a. Considering the radius of curvature 

r_ and r„ (r,. < r_) , and the stress-strain rate relation for 
A D . A D 

the superplastic materials, the following expressions result. 
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prA = CTA 

PrB = aB 

and 

(aA/aB) = (rA/rB) =(eA/eB)
m (6-11) 

Considering now the incompressibility condition, Eq. 4-40 

can be approximately written as 

• • (eAAB) = [Ow/3 t ) /w] A / [Ow/S t ) /w] B (6-12) 

Combining 6-12 and 6-11, it is found that: 

<VrB)1/m<VV = d V d w B (6"13) 

But as soon as the material at A and B take a slight deforma

tion, it is evident from the boundary conditions that r. < r^ 

and it can be inferred from Eq. 6-13 that dwA/dwR < 1. 

This is in complete agreement with the results presented in 

Figure 5-30 and Figure 5-27 for both polystyrene and 

Zn-22A1 sheets. 

The optimization of the WRH core properties perhaps 

can be achieved by taking full advantage of the way in which 

the material actually flows. It has been established that 
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the thickness distribution in the webs of the polystyrene 

core with the square pattern, see Figure 5-25, is more uniform 

than in the webs of the core in wires in a triangular fashion 

on top of the conical projections, as indicated in Figure 

5-27. However, if the ratio A /A , is examined for both 
' p web 

cases, where A is the area around the projections, it is 

found that the core with the conical projections and wires 

in a triangular fashion has a higher ratio A /A , , This 

suggests that a considerable amount of material that 

supposedly should go to the webs is pulled toward the 

projections if the ratio A /A , is too big. This discussion 

has a practical interpretation in the sense that polygonal 

projections, having wires going across the vertices probably 

approximate the form ideal, whilst the larger the angle a 

between the wires and the sides of the polygon, the better 

the flow at the webs. This immediately leads to only one 

choice, i.e., square pyramids. Along the same line of 

thought, it is observed that the material seems to have 

better thickness distribution around projections with large 

inclination, as can be seen in Figure 5-27, path 1; therefore, 

the projections should ideally be square pyramids with highly 

inclined walls. Another fact is that as the thinning at the 

top can be balanced by the presence of the wires, a very 

small top can be permitted. In this way more material is 

available for the projection walls and the webs. Finally, 

to balance the tendency of the material to thin down at the 
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bottom of the projections and webs, wider projections base 

should be used, reducing again the flat bottom material which 

does not contribute to the shear strength of the core. The 

arrangement of the structures could be as indicated in 

Figure 6-5a. To further improve the strength, the flat 

bottom in Figure 6-5a can be reduced more by placing another 

projection there without wires on its top or by putting two 

sets of wires that cross each other at 90° as shown in 

dotted lines in Figure 6-5a. 

Another apparent alternative which would reduce the 

bottom surface would be to use Hexagonal Pyramids, as shown 

in Figure 6-5b. However, the webs would not be as uniform 

as in Figure 6-5a because the angle a = 120° < 135°. 
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Flat Top 

Square Truncated 
Pyramid 

/Jire Hexagons! Truncated 
Pyramid 

Figure 6-5 (a) Octagon WRH Core with Square Truncated Pyramid 
(b) WRH Core with Hexagonal Truncated Pyramid. 
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CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

The determination of the mechanical properties of 

wire reinforced honeycomb (WRH) cores, their manufacturing 

feasibility and their further improvement have been both 

theoretically and experimentally investigated. Two and three 
* '"V '. • . " • 

dimensional analyses for both restricted and friction-free 

pressure and vacuum forming processes have been presented, 

and experimental evidence provided confirming that friction 

free flow permits more uniform thickness distribution. In 

view of the importance of production time in any industrial 

process, a theoretical analysis was also presented relating 

sheet thickness to forming time for a constant pressure. 

The experimental results confirm the flow analysis for the 

Zn-22A1 core, for a strain rate sensitivity factor of m == 0.58. 

In the forming of the Zn-22A1 sheets without wires, a thinning 

tendency at the top of the projections was reported and ••.,'-. 

seemed to be due to stress concentration, which again is in 

agreement with the theory presented/ 

Formulations for predicting the shear strength T , the 

modulus of rigidity G , as well as E of the WRH cores were 

developed. Due to persistant adhesive failure at the core-

facing bond, the experimental results of T and G are very 
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conservative and they do not truly represent the actual pro

perties of the core; however,.'-"'the results of the High Impact 

Polystyrene came close to the predictions. Although the 

wires did not contribute directly to the shear strength or 

the G in the tested specimens, they do have a definite 

influence when the core thickness is increased as several 

elemental layers are put together. The wires also have a 

definite effect on E ; an effect of the order of 30 percent 

for the polystyrene, for only a negligible increase in weight. 

Furhtermore, they are essential for the proper material dis

tribution, far from the neutral axis to enhance the flexural 

rigidity D of the sandwich construction. 

As the shear strength and the modulus of rigidity of 

the core are the most important mechanical properties, the 

theoretical analysis was extended to this topic and it was 

further determined that the optimum core configuration is 

the one possessing uniform cross section in a plane parallel 

to the facings. This theoretical conclusion leads to 

important practical considerations in the search for adequate 

projections shape and arrangements. 

In an effort to underline the significance of the core 

mechanical properties, a nondimensional analysis was carried 

but to compare the load carrying capacity of two geometrically 

similar sandwich beams subjected to proportional loading 

conditions but having differing core shear strengths and 

moduli of rigidity. Also, as an extension of Allen's . 
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analysis, a derivation has been developed to clearly show 

that the displacement w for a sandwich beam subjected to a 

load P under various boundary conditions can be separated 

into one component w' that depends on the facing properties 

and another component w" that depends on the modulus of 

rigidity of the core. 

The experimental results clearly indicate that, under 

the action of heat and pressure, it is possible to shape 

superplastic Zn-22A1 and High Impact Polystyrene sheets 

into complex shells having reinforcing wires embedded and 

with different configurations resembling honeycombs, and 

further that such shells can be used in sandwich construe^ 

tion. If the plastic shells are heat welded, both the 

shear strength and the modulus of rigidity can be signifi

cantly improved. A definite advantage is seen in that cell 

buckling may not become a dominant factor in the WRH for 

thicker cores, in contrast to the drastic detrimental 

effect that buckling has in the shear strength of the con

ventional honeycomb in the thicker core range. 

To determine the mechanical properties of the WRH 

cores, compression and tensile shear, four point bending, 

two edge and four edge simply supported buckling tests 

were carried out. The shear test of the heat welded 

polystyrene gave the best apparent x . The other shear 

tests had the inconvenience of large relative displacements 
/ • • • • ' ' • • , • • . . • 

at the core-facing interface. As the Zn-22A1 cores exhibit 
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very good material distribution, the mechanical properties 

should be remarkably improved in proportion to the quality 

of the adhesive; although the theoretical calculations of 

the shear strength indicates that the Zn-22A1 cores are not 

as effective as the aluminum honeycomb, primarily because 

the Zn-22A1 is about twice as heavy as the aluminum alloys 

used for the honeycomb. 

To gather more information in the search for a core 

with optimum T and G , the thickness distribution of the 

WRH cores was experimentally determined along a number of 

basic paths. The sheets with the wires embedded seemed to 

present the best material distribution in terms of strength 

and rigidity, as opposed to the sheets formed without wires, 

This suggests that when an industrial process is set up, a 

better option would involve using wire reinforced sheets 

alone. As an alternative, wire reinforced sheets in 

combination with thinner gage without wires embedded can 

also be used. Based on the experimental thickness distri

bution results, it has been suggested that regular square 

or hexagonal pyramids with small upper surface and wider 

base interconnected with webs with the reinforcing wires 

embedded, may prove to be the best forms of projections in 

terms of optimum T and G . 
' 9 c 

The following recommendations are made regarding 

future research in the area of the WRH cores. 



182 

1. As heat welded plastic cores, in contrast to those 

adhesive bonded, give better results in terms of shear 

strength and modulus of rigidity, new research should 

concentrate on completely heat welded cores, using adhesive 

only at the core-loading plates interface. 

2. As the sheets formed with the wires embedded give 

the best material distribution, the heat welding experiments 

should include (a) the testing of cores made Only with sheets 

and wires embedded, and (b) cores with sheets formed with 

wires embedded, in combination with thinner gage sheets 

formed without wires. 

3. In the optimization procedure of projection 

configuration and arrangement, special consideration should 

be given to the square and hexagonal pyramids with highly 

'•.inclined walls and 'reinforcing wires-. Magnitude of fillet 

radii required should be carefully studied, however, because 

of stress concentration. 

4. Further research, industrially oriented, using 

other plastic materials as well as pertaining to the heat 

welded WRH cores is highly recommended. 

5. Further research is also desirable using adhesives 

with superior quality and also with appropriate temperature 

curing ranges; so that the Zn-22A1 WRH cores can develop 

their full shear strength. 
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6. The technique of pressure or vacuum forming with 

wires embedded may not only be applicable in the manufacturing 

of light weight sandwich construction. Research could be 

made to evaluate this new forming technique for various 

industrial items using thicker plastic sheets in combination 

with inexpensive dies, as opposed to plastic injection 

molding. 

7. The WRH cores manufacturing technique is quite 

appropriate for (a) inserting metallic columns into the core 

to enhance the shear strength and (b) for developing cores with 

a cylindrical or more general central surface for special 

requirements (i.e. shaped panels). 

8. In the present work, two and three* dimensional 

analyses of the forming of strain rate sensitive materials 

was advanced. Further experimental work corresponding to 

the mathematical model should obviously be carried, out to 

support this analysis. 

9. The influence that the angle between the wires and 

the projections has upon the web thickness distribution also 

requires further theoretical and experimental analysis. 
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APPENDIX A 

CORE MECHANICAL TEST DATA 

Compression Shear 

Tensile Shear 

Four Point Bending 

Two Edge Simply Supported Buckling 

Four Edge Simply Supported Buckling 
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Table, 1. Compression Shear Test 

Material: Sandwich Construction with Polystyrene Core 
Semi Core Bonding: Toluene (C6H5CH3) 
Internal Semicore Bonding: Spray Adhesive 7 
Loading Plate Bonding: AFEPOXY 2 
Shearing Area: 8.9 cm x 14 cm (3.5 in x 5.5 in) 

Number Load Load Shear Stress Deflection Shear Strain 
lbs N KPa in x 10"4 y/m 

1 100 445 35 5 2,000 

2 225 1,000 81 15 6,000 

3 350 1,560 126 25 10,000 

4 450 2,000 161 35 14,000 

5 540 2,400 193 45 18,000 

6 610 2,700 217 55 22,000 

7 680 3,025 ' 243 65 26,000 

8 750 3,350 270 75 28,000 

9 800 3,550 290 85 32,000 

10 850 3,800 306 95 36,000 

11 900 4,000 322 105 40,000 

12 940 4,200 340 115 44,000 

13 975 4,350 350 125 48,000 

14 1,020 4,550 365 135 52,000 

15 1,050 4,700 380 145 56,000 

17 1,125 5,000 400 165 64,000 

19 1,175 5,250 425 185 72,000 

23 1,300 5,800 470 225 72,000 

28 1,400 6,250* 505 275 

*Cohesive failure of adhesive at the core-plcite bond. 
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Table 2. Compression Shear Tests 

Heat Welded High Impact Polystyrene Cores 
Sheet thickness: 0.762 mm (0.030 in) 

ading Deflection 
(mm) 

Shear Strain 
(mm/mm) 

Force 
(lbs) 

Stress 
lbs/in2 

Stress 
KPa 

1 0.0254 0.00 2 925 48 331 

2 0.0381 0.0003 1,350 68 468 

3 0.0508 0.004 1,725 87 600 

4 0.0635 0.005 1,960 98 675 

5 0.0762 0.006 2,160 108 744 

6 0.089 0.007 2,400 120 827 

7 0.101 0.00 8 2,650 132 910 

8 0.1143 0.009 2,900 145 1,000 

9 0.127 0,-010 3,050 152 1,047 

10 0.1397 0„011 3,250 162 1,116 

11 0.1524 0.012 3,500 175 1,206 

12 0.1651 0.013 3,650 182 1,254 

13 0.1780 0.014 3,850* 193 1,330 

*Core bonded with RTC Epoxy. Epoxy failed by adhesion.. 
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Table 3. Tensile Shear Test 

Material: Sandwich Construction with Polystyrene Core 
Adhesive: Spray Adhesive 7 

AFEPOXY 2-(280 °F, 10 min cure) 
Test: 2-4/27 
Cross Head Speed: 0.1 ih/min/ 

Number Load Load 
lb N 

1 440 1,960 

2 760 3,340 

3 1,160 5,160 

4 1,600 7,100 

5 2,000 *8,900 

*Cohesive Failure of Adhesive cit the Core-Loading 
Plate Bond. 

Shear Stress Deflection Shear Strain 
KPa mm y/m 

160 0.254 20,000 

270 0.381 30,000 

415 0.508 40,000 

570 0.635 50,000 

720 0.720 56,000 
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2000 

Cross Head Speed = 0.1 in/min 
(2.54 mm/min) 

Recorder Speed = 2 in/min 

Material:: High Impact 
Polystyrene Core 

(0.030 in sheets) 

0.05 0.025 

Deflection, inch 

Figure A-l. Upper Portion of Tensile Shear Tests Graph in a 
Sandwich with WRH High Impact Polystyrene. 
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Table 4» Tensile Shear Test -' 2-5/6 

Material: Sandwich Construction with Zn-22A1 WRH Core 
Adhesive: AFEPOXY 2 (250°F - 1 hr. Cure) 
Cross Head Speed: 0.2 in/rain 

Sfuntbej z L o a d 
l b s 

L o a d 
N 

S h e a r S 
KPa 

1 1 2 5 5 5 5 45 

2 230 1 , 0 2 5 83 

3 400 1 , 7 8 0 1 4 3 

4 520 2 , 3 0 0 1 8 5 

5 640 2 , 8 5 0 230 

6 775 3 , 4 5 0 278 

7 900 4 , 0 0 0 322 

8 1 , 0 2 0 4 , 5 4 0 3 6 5 

9 1 , 1 6 0 5 , 1 6 0 415 

10 1 , 3 0 0 5 , 7 9 0 462 

1 1 1 , 4 0 0 6 , 2 3 0 5 0 1 

12 1 , 6 4 0 6 , 5 0 0 5 2 3 

13 1 , 5 3 0 6 , 8 0 0 550 

14 1 , 5 8 0 7 , 0 5 0 570 

15 1 , 8 2 0 8 , 1 0 0 650 

im mm/mm 

. 2 5 4 0 . 0 4 

. 5 0 8 0 . 0 8 

. 7 6 2 0 . 1 2 

1 . 0 1 6 0 . 1 6 

1 . 2 7 0 . 2 0 

1 . 5 2 4 0 . 2 4 

1 . 7 7 8 0 . 2 8 

2 . 0 3 2 0 . 3 2 

2 . 2 8 6 0 . 3 6 

2 . 5 4 0 . 4 0 

2 . 7 9 4 0 . 4 4 

3 . 0 4 8 0 . 4 8 

3 . 3 0 2 0 . 5 2 

3 . 5 5 6 0 . 5 6 

9 . 9 1 . 5 6 
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Table 5. Beam Subjected to Pure Bending. 

High Impact Polystyrene Core 
Cross Head Speed: 1.2.5 mm/min (0.05 in/min) 

Test Force 
N 

Distance 
(e) 

m, (in) 

-Moment 
N-m, (in-lb) 

Strain 
y/m 

1- 51 0.07143 3.64 
(2-13/16 in) (32.3 in-lb) 

40 

55.6 3.97 
(35.15) 

50 

60.1 4.29 
(38.7) 

60 

102 7.29 
(64.68) 

132 

5- 128 9.14 
(80.85) 

178 

6- 294 21.2 
(185.62) 

480 

636 45.43 
(402.2) 

900 

A 
F~~$ 

7=1 
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T a b l e 6 Bend ing T e s t of Sandwicru Beams JC.JL-
With Vlkii Zn-2 2 A.l C o r e . p~ ^ - H ' ) 

C r o s s Head Speed : 

f 

0 .50S mm/mi.n ( 0 . 0 2 i n / m m ) 

N 
Test (lb) 

1- 35.-6 
(8) 

2- 15.8 
(3.5) 

3- 31.1 
(7) 

4- 40 
(9) 

5- 15.8 
(3.5) 

6- 8.9 
(2) 

7- 17.8 
(4) 

8- 15.8 
(3.5) 

9- 33.4 
(7.5) 

10- 51.2 
(11.5) 

11- 51.2 
(11.5) 

12- 15.8 
(3.5) 

13- 15.8 
(3.5) 

Distance (e) 
m 

. (in) 

: Moment 
N-m 
(in-lb) 

.€ 
y/m 

.073 
(2.825) 

2.6 
23 

160 

.0 857 
3.375 

1.4 
12 

55 

0.066 
2.6 25 

2.1 
18.5 

150 

0.066 
2.875 

2.7 
26 

185 

0.0 73 
2.875 

1.2 
10.1 

51 

0.073 
2.875 

.65 
5.75 

30 

0.066 
2.625 

1. 2 
8.75 

55 

0.08 
3.125 

1.26 
11 

55 

0.066 
2.625 

2.2 
19.7 

140 

0.08 
3.12 5 

4.1 
36 

170 

0.08 
3.125 

4.1 
36 

175 

6.0 73 
2.875 

1.2 
10.1 

i 

45 

0.0 66 
2.6 25 

1.1 ; 

9.2 
55 



Table 7. Buckling Test Data 

Force Strai 
N y/m 

Test (lb) 

1- 290 17 
(65) 

2- 1,300 80 
(292) 

3- 1,335 80 
(300) 

4 _ 1 1,02 4 150 
(230) 

5- 600 Ml Hi if 90 
(135) #_j» \tw I? © % 

6- 1,544 

#_j» \tw I? © % 

160 
(347) 

7- 3,800 
(860) 

370 

8- 356 L, & 35 
(80) t 

7'j'c 

9- 89 • M II 1 I »1 16 
1 

(20) 
10- 111 13 

(25) 
11- 245 25 

(55) 
12- 423 47 

(95) 
13- : 645 70 

(145) 
14- 868 73 

(195) 

Zn-22A1. Core, Simply Supported at the 
Loaded Ends. 
Cross Head Speed: 0.05 in/min 
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Table 8 
Four Edge Simply Supported Sandwich Beam 
with WRH Zn-22A1 Core 

Edge Wise Load 
Cross Head Speed: 1.27 mm/min (0.05 in/min) 1 '• 

Test 
Load 
lbs 

Load 
N 

Strain 
u/m 

Stress 
KN/m2 

1 
i, 

250 1,112 75 627 

2 \ 
450 2,000 2 37 1,129 

3 780 3,470 425 1,960 

4 975 4,338 675 2,450 

5 1,275 5,673 1,000 3,200 

6 1,675 7,200 1,375 4,075 

7 1,950 8,700 - 4,900 

8 2,275 10,200 - . 5,750 

9 2,400 10,700 — 6,040 

rmTT 



Table 9. Four Edge Simply Supported Sandwich Beam w 
Zn-22 ! Al COre Loaded Edge Wise 

Load Load Strain Gage Strain Gage 
Test lbs N Face One 

y / m .;•;•" 

Face Two 
u/m 

1 175 780 50 No Reading 

2 300 1,335 175 » 

3 500 2,225 325 ,n 

4 525 2,340 325 mil ' V -:'.-
5 

6 

750 

950 

3,340 

4,230 

525 

700 
S : • > • 

75 

275 

7 1, 225 5,450 950 J.'ty | j | | , « / S . . . 
8 1,475 6,600 1,000 

1 * i 

700 

9 1,760 7,840 1,250 900 

10 2,200 9,800 1,550 1,200 

11 2,625 11,725 1,850 1,450 

12 2,750 12,240 2,200 1,950 

13 2,950 *13,150 2,400 2,200 

*Cohesive failure of adhesive AFEPOXY 2 caused buckling 
of face one. 
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Table 10. 

Four Edges Simply Supported Buckling Test 

Core: High Impact Polystyrene Core, bonded with Toluene 
Core - Facing Bond: RCT Epoxy 
Cross Head Speed = 1.27 mm/min (0.05 in/min 

e s t Load 
l b s 

Load 
N 

S t r a i n Gage 
y/m 

1 S t r a i n Gage 2 
y/m 

1 450 2 ,000 150 No r e a d i n g 

2 600 2 ,670 420 " 

3 900 4 ,000 600 

4 1,100 4 ,900 850 

5 

6 

1 ,375 

1,650 

6 ,120 

7 ,350 

1,150 

1,550 

[iiUiL 
' • . . • - . ' • 

100 

7 1,875 8,350 1,950 P •'.** 300 

8 2 ,200 

2 ,500 

9 ,800 

1 1 , 1 2 5 

2 ,400 

2 ,800 

* . * • • 5 2 5 

9 

2 ,200 

2 ,500 

9 ,800 

1 1 , 1 2 5 

2 ,400 

2 ,800 f f t f t f l i 750 

10 2 ,800 1 2 , 4 7 5 3 , 4 0 0 * 9 5 0 

Failure of RTC Epoxy by adhesion. 
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APPENDIX B 

CORE THICKNESS DISTRIBUTION DATA 

High Impact Polystyrene Without Reinforcing Wires 

High Impact Polystyrene with Reinforcing Wires in Triangular 

Pattern 

High Impact Polystyrene with Reinforcing Wires in Square 

Pattern 

Zn-22A1 Without Reinforcing Wires 

Zn-22A1 with Reinforcing Wires 
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Table 11 
Thickness Distribution Ratio w/w in High Impact Polystyrene 
Forms Without Reinforcing Wires ° 

Thickness Ratio w/w 
mm/nim . ° 

1 Distance Path 2 Path 3 Path 
mm 

1 •• 57- :'..;-••'• 0.58 0.63 

2 58 0.50 0.53 

3 57 0.47 0.43 

4 57 0.45 0.36 

5 57 0.45 0.29 

6 57 0.47 0.33 

7 57 0.50 0.36 

8 55 0.53 0.42 

9 55 0.53 0.47 

10 52 0.50 0.52 

11 53 0.47 0.52 

12 54 : 0.44 0.50 

13 60 0.45 0.50 

14 63 0.47 0.43 

15 0.50 0.43 

16 0.59 0 .45 

17 0.50 

18 0.63 

w is initial thickness o 
w is the thickness at a particular location after forming 

A 
Path 2 ^ V ~ — — J V> th 2 

Path 3 P a ^ 1 



Table 12. 

Thickness Distribution Ratio w/w for the High Impact 

Polystyrene Forming with the Reinforcing Wires. 

Thick ness Ratio. w/w o 
Distance Path 1 Path 4 Path 4* 

mm mm/mm mm/mm mm/mm 

1 0.63 0.6 3 0.65 

2 0.42 0.43 0.43 

3 0.33 0.24 0.25 

4 0.24 0.17 0.17 

5 0.15 0.15 0.17 

6 0.1 0.17 0.19 

7 0.13 0.18 0.18 

8 0.13 0.19 0.19 

9 0.15 0.21 0.20 

10 0.14 0.21 0.22 

11 0.13 0.20 0.22 

12 0.13 0.17 0.21 

13 0.19 0.15 0.20 

14 0.28 0.13 0.28 

15 0.39 0.13 0.37 

16 0.54 0.20 0.47 

17 0.78 0.32 0.50 

18 0.46 0,77 

19 0.57 

20 0.64 

W Q is the initial thickness of the sheet 

w is the thickness at a particular location after forming. 
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Table 14. 
Thickness Distribution Ratio w/w in Zn-22A1 Forms 

w/o the Reinforcing Wires. 

Thickness ratio w/w , mm/mm 

Distance Path 1 Path 2 Path 3 Path 2* 
mm 

1 0.68 0.84 0.55 0.86 

2 0.77 0.81 0.62 0.85 

3 0.73 0.79 0.67 0.81 

4 0.69 0.81 0.74 0.81 

5 0.64 0.81 Q.79 0.81 

6 0.61 0.81 0,81 0.78 

7 0.57 0.80 0.78 0.79 

8 0.52 0.76 0.69 0.69 

9 0.57 0.74 0.62 0.69 

10 0.61 0.62 0.55 0.69 

11 0.69 0.58 0.63 

12 0.75 

*Sheet formed 80% only 
w is the initial thickness of the sheet 
w is the thickness at a particular location. 

Path 1 path 2 Path 3 Path 2* 



Table 15. 
ition Rati< 

Formed with Wires Embedded in Triangular Pattern* 

Thickness Distribution Ratio w/w of Zn-22Al Sheets 
••• • o * ' . 

Path 4* 
Distance From Thickness 

Cone Top Ratio 
mm 

0 1. 

1 
.7 

2 .5 

3 .35, 

4 .28 

• 5 .31 

6 •34 

7 .37 

8 .4 

9 .4 

10 •4 

11 .4 

12 .32 

I 3 .37 

14 .42 

Path 4* 

* S h e e t T h i c k n e s s w = 0 i 0 8 0 m m (0 .0035 i n ) 
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APPENDIX C 

SHEET PROPERTIES AND FORMING CONDITIONS 

Comparison of Heat Welded HIP Cores' Against Conventional 

Cores 

Flaws as a Function of Forming Time 

Mechanical Properties of High Impact Polystyrene as a Function 

...... of Heating Time 

Heat Welding Flat Polystyrene Specimens for Shear Tests. 

Heat Welding of Semicores Observations'-• 

Relations Between Sheet Thickness and Forming Time of 

Zn-22Al 
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Table 16. 

Comparison of Heat Welded High Impact Polystyrene Cores 
Properties Against Some of the Conventional Cores in the w 
Direction.* • 

Core Designation Shear Strength Shear Modulus 
KPa KPa 

(psi) (psi) 
Kraft-Paper Honeycomb 1331 135,000 

(193) (19,600) 

Hexagonal Nylon Fiber 2100 65,500 
Reinforced (306) (9,500) 

Hexagonal Over Expanded 1500 110,000 
Glass Reinforced Phenotic (220) (16,000) 

Honeycomb 
Flexible Core 19 30 55,000 

(280) (8,000) 

High Impact Polystyrene 1420 100,000 
WRH Core Partially Heat (206) (14,500) 

Welded 
Improved High Impact 2140 117,000 
Poly. WRH Core Heat (310) (17,000) 

Welded 

*The properties are estimated at a core density of 0.123 gr/cm 
and linearity between properties and core density has been 
assumed. 
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Table 17. Characterization of the Vacuum Forming of the 0,75 mm 
High Impact Polystyrene with Wires Embedded 

Number Flaws Heating 
Time 
(sec) 

Observations 

1-7/28/76 2 

2-7/28/76 2 

3-7/28/76 3 

4-7/28/76 0 

5-7/28/76 BAD 

6-7/28/76 5 

7-7/28/76 0 

8-7/28/76 0 

9-7/28/76 0 

10-7/28/76 0 

11-7/28/76 0 

12-7/28/76 0 

13-7/28/76 0 

14-7/2 8/76 0 

1-7/29/76 10 

2-7/29/76 4 

3-7/29/76 15 

1-9/13/76 0 

2--9/13/76 0 

3--9/13/76 0 

4--9/13/76 1 

5-9/13/76 0 

6-9/13/76 40 

7-9/13/76 0 

8-9/13/76 12 

17-9/13/76 1 

18-9/13/76 0 

80 

60 

65 

65 

40 

65 

55 

55 

55 

5 5 

55 

55 

60 

60 

80 

40 

80 

55 

60 

55 

70 

55 

70 

50 

85 

55 

50 

Well formed, adequate evacuation 

Well formed, adequate evacuation 

Light air draft 
Perfect 
Ventilation holes not punched 

Possible long heat effect 

Perfect 

Perfect 

Perfect 

Perfect 

Perfect 

Perfect 

Perfect 

Perfect 

N6 good. 
webs 

No good 

No good. 
webs 

Formation of Inclined 

Formation of inclined 

Very good. It seems like the 
material close to the wires 
around the proj ection is the 
last to be formed 

Perfect 

Perfect 

Material did not go to the 
bottom in the vicinity of the 
flaw 

Perfect 

Flaws were close together 

Perfect 

NO' Good 

Material around the flaw formed o 

Perfect 



Table 18. Mechanical Properties of High Impact Polystyrene 
As a Function of Heating Time. 

Specimen Cross 
Section 

(mm ) 

Heating 
Time 

(sec) 

Maximum 
Load 

(N) 

Y.P. 
Load 

(N) 

Strength 

V 1 0 " 3 ) 
*• K P a ; 

Y.P. 

10"3
 ) 

v KPa ' 

AF 
(N) 

Ae 
li/m 

E 

KPa 

2-8/27/76 30 108 614 44.5 20.5 1.48 445 0.0103125 1.44 

3-8/27/76 29 240 552 35.6 19 1.23 256 0.00875 1.4 

4-8/27/76 30 150 623 44.5 20.8 1.48 445 0.01031 1.44 

5-8/27/76 30 180 538 44.5 18 1.48 267 0.00606 1.47 

6-8/27/76 29 120 609 44.5 21 1.53 356 0.00825 1.49 

7-8/27/76 29.5 133 609 44.5 20.6 1.51 213 0.006 1.21 

8-8/27/76 29 .480 565 44.5 19.5 1.53 356 0.009 1. JO 

9-8/27/76 29.5 o 632 50.0 21.4 1.69 356 O.Ô 's 1.6 : 
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...... 1 4 0 

-120 

h-ioo 

— ;•• 8 0 

r. 60 

Cross Head Speed >_ 0.05 in/min. 

Chart Speed = 2 in/min. 

120 

100 

•• 30 

GO 

40 

• 20 

Figure C-l Typical Shear Test Results of Heat 
Welded Specimems of High Impact 
Polystyrene. 
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Table 19. Heat Welding of Flat Polystyrene 
Specimens for Shear Test* 

No 
Temp. 
t°F) 

Preheat 
Time 
(Min) 

Heat-Time 
with 

Pressure 

Observation 

1 200 o 
2 270 0 

3 270 0 

4 300 0 

5 350 2 

6 350 2 

7 35 0 2 

8 350 1 

9 350 1 

10 350 1 

11 325 2 

12 325 2 

13 325 2 

14 325 2 

15 325 2 

8 No bonding at all 

12 No bonding 

20 No bonding 

20 

3 

Partial bond, broke 
by hand pulling 
Satisfactory 

2 Good seal 

1 Very good seal 

3 Very good seal 

2 Very good seal 

1 Good seal, no bond 

2 Good seal, no bond 

4 Looks good 

3 Looks good 

1 Looks good 

2 No bond (oil surface] 

Pressure constant--1.4 KPa (20 psi) 

0.762 mm sheet thickness (0.030 in) 

SEPARATOR TAPE SHEAR FAILURE 

«»3 mm 



Table 20. Shear Test on Flat Heat Welded Specimens 

Specimen Area Force Shear Preheat Press. Temperature 
Number (in2) (lbs) Stress Time Time (°C) 

KPa (min) (min) 

5 .0824 45 36.6 7 2 4 176 

6 .0897 102 78.45 2 3 176 

7 .0840 113 92.8 2 "•2'-',-.* 176 

8 .0853 110 89 2 '.; i- 176 

9 .0859 111 • 89.1 1 • ' 3 - .'.'• 176 

10 .0633 92 100.2 1 2 176 

12 .0756 85 77.5 2 4 163 

13 .0711 114 110.6 2 3 163 

14 .0969 54 38 2 1 163 
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Table 21. Heat Welding of Semicores Observations* 

„, . Preheat Time Forming Time ni c o r i r o f- • Test r • ^ r •'• i Observation 
(mm) (min J 

1 0 4 Sheet broke at vicinity 
of a flaw. 

2 2 4 Leakage at a flaw. 
Bad forming. 

4 2 6 No leakage. Good bond. 
There were no flaws. 

4 2 6 Excellent. No leakage^ 
was detected, no breaks 
and no cracking on 
bending. 

* 

Semicores were heat welded at a temperature of 
176°C (350°F) and a pressure of 1.4 KPa (.20 psi). 



Table 22. 

Number Sheet Thickness 
(mm) 

Relation Between Applied Pressure, Sheet 
Thickness and Forming Time of Zn-22A1. 

Pressure Forming Time 

1-8/24/76 0.075 

2-8/2.4/76 0.075 

3-8/24/76 0.075 

4-8/24/76 0.075 

5-8/24/76 0.075 

9-7/29/76 0.075 

10=7/29/76 0.075 

11-7/29/76 0.075 

7-7/23/76 0.075 

8-7/23/76 0,075 

3-7/23/76 0.125 

1-7/23/76 0.125 

(psi) 

28 

28 

16 

20 

24 

36 

36 

36 

30 

36 

36 

36 

(sec) 

15 

17 

80 

66 

61 

25 

15... 

22 

30 

23 

123 

120 

Time For 
Pressure Drop 
to 20 psi 
(sec) 

Observations 

40 Very- good sealing 

40 Very good sealing 

. - Very good sealing 

- Very good sealing 

20 Very good sealing 

22 Some leakage 

50 Good sealing 

40 Good sealing 

34 

30 

44 

25 

Good forming 

Not fully formed 
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APPENDIX D 

APPLICATION AND SELECTION OF BONDING iMEDIUiM 

Surface Preparation 

The proper application of a bonding medium in a light 

weight structure is as important as the design of the struc

ture itself. A structure poorly bonded shows low performance. 

If the core and facings in a sandwich construction are not 

firmly joined, large relative movements take place at the bond

ing line and the structure behaves as a group o,f independent 

elements or at most loosely bonded. The surface preparation 

is essential for a good bond. 

The procedure used to clean the aluminum facings 

was as follows [20] 

1. Removal of the oil with isopropyl alcohol, or 

acetone. 

2. Immersion in an alkaline cleaner for 8-12 minutes. 

3. Rinsing throughly with water . 

4. Immersion in an etching solution at 150 ° + 5 °F 

for 10 minutes of the following composition. 

Distilled water 30 parts by weight 

Sulfuric Acid (conco1 10 parts 

Sodium Dichromate (Na2CA207. 2H?) 1 part 

5. Rinsing the facing sheets in clear running water. 

6. Drying for 10 minutes with air. 
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The Zn-22A1 sheets surface preparation was identical 

to the recommendations for aluminum honeycomb cores. Aliphatic 

Naphtha was used at room temperature for five minutes and 

and the sheets were dried for 10 minutes at 200 °F. As an 

alternative method, acetone was used to replace the Naphtha. 

The High Impact Polystyrene sheets were cleaned with 

Isopropyl Alcohol, and a few sheets were slightly sanded 

with 200 grit sandpaper, as recommended by Cagle [20]. 

Selection of the Adhesive 

A number of adhesives were tried out to determine the 

most suitable product for the core loading plate and core-core 

interface. The optimum curing conditions that the manufacturer 

suggested were not always possible to achieve because the 

curing time and temperature had to be such that did not affect 

the core shape. The results reported in Figure D-l correspond 

to shear test, similar to the loading conditions in the core 

tensile shear test. 

The results indicate that AFEPOXY 2, cured for two hours 

at 138 °C (280 °F), was about the best product; however, 

such conditions could not be tolerated by the High Impact 

Polystyrene without affecting badly its shape. As there were 

large deformations taking place at the bonding line, as reported 

in Figure D-2, the AFEPOXY 2 was successfully replaced by RTC 

Epoxy, and no more adhesive failure were observed. 



Vinyl 135gM3, Cure: 280°F, 15 min 

Cohesive Failure 

Scotch Adhesive Double Coated 924M3 

Cohesive Failure 

AFEPOXY 2, Cure 350°F, 10 min 

Adhesive Failure 

AFEPOXY 2, Cure 280°F, 10 min 

Cohesive Failure at Core-Core Bonding Area (Zn-22 Al) 

AFEPOXY.2. 280°F, 10 min. Cure 

Cohesive Failure (Zn-22 Al) 

AFEPOXY 2, 280°F, 2 hrs cure 

Cohesive Failure 

1000 
KPa 

2000 3000 
— i — 

Shearing Stress 

Figure D-l. Selection of Adhesive for Core-Loading 
Plate Bond 



r6000 

5000 

-.4000 

• 3000 

Failure 
5500 KPa 
(800 lb/in 

Strip Area: 1" 

Test 1-6/14/76 

-.2000 

.-1000 

+ -i- — • » 

15.0 3.0 6.0 9.0 

Displacement mm 

12.0 

Figure D-2. Shear Strength of Adhesive AFEPOXY 2 
Cured at 140°C (285°F) for 2 Hours 



Table 23. Adhesive AFEPOXY 2 Shear Test Behavior 

Load 
l b s 

Load 
N 

S t r e s s 
KPa 

D i s p l a c e m e 
nun 

550 2,450 760 1.27 

1,100 4 .900 1,519 2 . 5 4 

1,500 6 , 6 7 5 2 ,069 3 . 8 1 

1,950 8,680 2 ,690 5 . 0 8 

2 ,425 10 ,800 »~ 3,350 6 . 3 8 

2 ,750 1 2 , 2 0 0 3 ,780 7 . 6 2 

3 ,250 14 ,500 4,5130: 8 .89 

3 ,600 16 ,000 4 ,9 60 1 0 . 1 5 

3 ,850 17 ,150 5 ,300 1 1 . 4 3 

4 ,000 17 ,800 5 ,500 1 2 . 7 

*Adhesive was cured at 140 °C (285 °F) for 2 hours. 
Cross Head Speed: 1.27 mm/min (0.05 in/min) 
Test: 1-6/14/76 
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APPENDIX E 

THE STRAIN GAGE 

The strain on the sandwich facings was directly 

measured by strain gages in the bonding and buckling tests, 

as mentioned in Chapter III, where the equipment and the 

electric circuit were illustrated. In order to balance the 

circuit without much difficulty, four strain gages with 

nominally the same resistance were used to maike the Wheatstone 

bridge, but only one gage was actually loaded. The strain 

gage used was type C6-644-260 with a gage factor of 2.21 ± 

0.5%, a resistance of 260 ± 0.5 ohms, and manufactured by 

the Budd Company. 

The three unloaded strain gages complecting the bridge 

were mounted on a 5 cmx 20 cm x 1.25 cm piece of 2024 aluminum 

alloy. The active strain gage was mounted on the 2024 

Aluminum T3 alloy facing sheet. Acetone was used to 

throughly clean the areas where the strain gages were mounted. 

Eastman 910 Adhesive was used to bond the gages, and the 

excess of adhesive was carefully squeezed out from the 

bonding area, to improve the curing and performance of the 

gages. The mounting plate was grounded to the Instron 

Universal Testing machine. Figure E-l illustrates the 

apparent strain, and gage factor variation that are charac

teristics to the type of gage used on the experiments. 
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This curve was provided by the manufacturer, 
the Budd Company. 

Figure E-l. Characteristic Curve of Strain Gage 
Used in Bending and Buckling Tests 



APPENDIX F 

This appendix is intended as a summary of super-

plasticity behavior, the understanding of the process, 

present superplastic technology and its applications. 
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Superplasticity has been observed in many alloys of 

eutectic or eutectoid composition, but not exclusively so. 

All superplastic materials are characterized by having very 

fine grains, very high strain rate sensitivity and a range of 

temperature and strain rate in which the phenomenon has been 

observed. The understanding of this material behavior is 

not still clear. Most of the work, conducted with superplastic 

alloys have been on the laboratory scale; but great promise is 

expected because the superplastic materials can deform uni

formly sometimes up to 2,000% in terms of original length 

and no other material can be used to form very complex shapes 

with great reproduction of details in a single operation. 

Superplastic alloys have been discovered in most 

metallic systems, and in all cases very fine grains have been 

reported, in the order of .4-10pm [43]. The phenomenon has 

always been observed in a limited range of tetmperature and 

strain rate. Some of the basic metals involved in super

plastic alloys are: aluminum, cadmium, copper, iron, zinc, 

lead, magnesium, nickel, tin, titanium, and zirconium. 

Superplasticity: A Useful Property 

Superplastic alloys are generally deformed at tempera

tures above half their melting temperature [28]. At room 

temperature, they exhibit mechanical properties comparable 

with conventional materials; therefore, superplasticity can 

be used to our advantage for parts manufacturing [39] . Super-
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plastic metal sheets can be thermoformed by vacuum forming 

techniques or by applying very low pressure 350-1700 KPa 

(50-250 psi) [39]. Solid pieces of superplastic alloys can 

be squeezed into intricate shapes, similar to close die 

forming or pressure casting. In this way, components with 

very fine grain, can be obtained, with no microporosity as 

in the casting of certain alloys, and excellent reproduction 

of detail. 

Superplastic materials, like Zn-22A1 alloy, can be 

used successfully in tooling for plastic injection molding 

[39]. In this way, female cavities of the mold can be 

easily produced by pressing a male tool into a blank of 

eutectoid Zn-22A1. Benefits can be derived from the ability 

of superplastic alloys to flow readily under low forces in 

extrusion, rolling, deep drawing* and forming [39] . Materials 

like superplastic nickel have been rolled, and a significant 

reduction of rolling forces has been obtained. Nickel base 

superalloys are also forged superplastically. They are 

otherwise considered unforgeable. 

Metal Forming 

Superplastic alloys can be processed by sheet thermo-

forming, compression molding, and extrusion, as well as blow 

molding. The merits of using superplastic alloys as opposed 

to conventional materials, depends on the engineering pro

perty requirements of the product, complexity of the shape, 
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production rate, economy of secondary finishing operations, 

and tooling cost. 

Eutectoid Zn-22A1 sheets can be readily formed at a 

temperature between 268 °C and 274 °C. The process should 

be completed before the parts reach 278 °C. The forming 

tools are kept between 305 °C-344 °C (580-650 °F) , depending 

on the sheet thickness. In this way, the whole cycle, including 

heat treatment, is completed between 3-5 minutes. Thin metal 

sheets tolerate little or no preheat and they are heated by 

heat transfer from the tooling. Careful control of preheating 

temperature arid forming time is required to get full benefit 

of the superplastic condition of the alloy [39]. By using 

superplastic alloys, parts can be formed into very complex 

shapes; something that is not possible using other materials. 

As a result, an assembly of several components made out of 

conventional alloys are often replaced by a single super

plastic part with a more intricate configuration [38]. 

Although superplastic alloys stretch more uniformly 

than conventional materials, thinning tends to occur in the 

last portion to be formed [29]. This effect can be minimized 

in several ways. First, the pressure could be applied when the 

material next to the clamping zone is still hotter than the 

bulk material. In this way, thinning will naturally occur 

around the clamped material. As the forming proceeds, it will 

be noticed that the material close to the boundary will be 

the first to contact the tool cavity and straining will cease. 



Another way to reduce thinning is to perform the material in 

an opposite direction first, then the pressure is reversed. 

By doing so, and selecting a proper prestretching shape, the 

material next to the clamping zone will not come into 

immediate contact with the mold cavity and stretching will be 

wide-spread. 

Plugs of a predetermined shape can also be used for 

better material distribution. As the bottom of the plug 

touches a section of the metal sheet, and a force is applied 

to the plug, the material free of contact will stretch. In 

this way the sheet can be prestretched at will at specified 

locations. The parts are subsequently fabricated as the air 

pressure is applied. 

Tooling for Superplastic Alloys 

Tool cost can be appreciably reduced when forming 

blanks and sheets of superplastic alloys because parts can be 

readily formed at low pressure. The tool material selection 

depends on production. If production is high, better tool 

material will be required; so forming time can be reduced at 

the expense of higher forces to increase the strain rate. On 

the other hand, if a few parts are going to be formed, then 

lower strain rate and cheaper tool materials can be afforded. 

A tool for pressure thermoforming has, in general, 

the following features: a pressure clamp, provision for 

holding tool on press, draft for easy removal, good surface 
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finishing and texture: without interferinej with part removal 

and must be strong and rigid. The tool must have vents to 

permit the entrapped air to be removed. The vent diameter 

should be no more than one half the thickness; of the sheet. 

The tool also may have inserted heaters, as well as tempera

ture control sensors. Heat or air-curing ceramic felt or 

transite can be used as insulating materials. To facilitate 

part removal, resin-bonded molybdenum disulphide has proven 

satisfactory. 

Tools have been made of steel and aluminum, although 

steel is preferred because it retains heat better. Sand-

cast aluminum alloys have also been used as well as 

sintered iron, which has the advantage of easy venting. 

Graphite, a self lubricating material which is easy to . 

machine, is a very good material for superplastic tooling 

[39]. 

Mechanical Properties of Superplastic Zn-22Al 

Zn-22Al is put in the superplastic condition by 

heating at 650 °F and water quenching. Under these circum

stances, if the alloy is subjected to tension between 475-

530 °F it elongates about 2200% before it ruptures. A 

typical grain size is of the order of 1-2 jjm, unresolvable 

by light microscopy. Further grain size reduction can be 

obtained by cold rolling. This in turn will reduce the 

forming pressure even further. For the heat treatment, the 

parts are brought up to 650 °F and either air or furnace 
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cooled. The furnace cooled parts exhibit some grain growth 

and are more resistant to creep at room temperature which is 

an important factor in superplastic materials. 

The Zn-22Al is sensitive to creep at room temperature. 

The furnace cooled alloy permits much better design stress 

in terms of creep; however, the yield stress is much higher 

for the air cooled parts as opposed to the furnace cooled. 

The creep strength for furnace cooled parts is 43,000 KPa 

(6,300 psi) compared with 17,000 KPa (2,500 psi) for air 

cooled parts. 

It seems that the principal limitation of Zn-22A1 

alloy is creep resistance rather than a rupture limitation. 

The eutectoid Zn-22A1 shows an average strength of 90,000 

KPa in fatigue, under reversed bending, for 10 million 

cycles. The Zn-22A1 seems to be more resistant to corrosion 

than 380 Al as cast, when subjected to different environments 

containing 100% humidity, S02, NH,3, NaCl at room temperature. 

Controlling Mechanism 

For a material to be superplastic, it must be strain 

rate sensitive. In this way a localized necking will 

not develop. This is what is observed in some very fine grain 

alloys as they are stressed above 0.5 T . The hardening 

occurs from strain rate sensitivity rather than from strain 

hardening. This can be expressed into the following form [34] 
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Rewriting this equation in terms of the area and the applied 

load, we obtain 

dA/dt = -l/k(LOAD/E)1/m.A(m"1)/rn 

From here we can see that as m approaches one, dA/dt 

becomes independent of the area [47]. In practice this means 

that deformation will not be localized but rather will be 

well distributed throughout the whole specimen. As the stress 

is increased in sections where the area has been reduced, the 

ratio dA/dt will remain about the same in the entire specimen. 

On the other hand, materials that have an m factor of 0.2 or 

less show a pronounced necking. 

There is no single mechanism that can fully explain 

superplasticity. Some processes have been advanced as possible 

superplastic mechanisms, namely: vacancy-migration process, 

grain boundary sliding, and dynamic-recovery processes. 

The vacancy migration hypothesis proposes that there is a 

directional flow of vacancies along the grain boundary [43] 

or through the lattice as a result of stress induced migra

tion. There will be a high concentration of vacancies in the 

boundaries that are perpendiculary oriented to the applied 

forces and diffusion will occur toward the boundaries that 

are parrallel to the loading. The diffusion of vacancies will 

imply a diffusion of atoms [41], This can be expressed 
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in the following form; 

e = B 1 f ta / (L 2 kT) -D 

and 

E = B > « ( w D , ) / L kT 2 * ' g«b , 

where D , and D_ refer to the diffusion coefficient along 

the graining boundary and through the lattice, w is the 

grain boundary width, L is the grain size, ft the atomic 

volume, B., fi«, k are constants, and a and T are applied 

stress and temperature. There are some drawbacks to this 

superplastic controlling mechanism, for it cannot explain 

adequately the fact that the grains remain equiaxed and keep 

their original shape as the material is deformed. 

Avery and Backofen [29] heive proposed a combined 

equation that takes into account vacancy migration creep and 

dislocation climbing, as indicated below: 

e = A —=• + sinh($a) 
L 

where A, B, and 3 are constants at a given temperatures, e 

is the strain rate and a is the internal stress. Many other 

variations to the vacancy migration mechanism has been pro

posed. It seems that at very low strain rate the vacancy 

migration is the controlling mechanism [43] but at higher 

strain rates, the role of vacancies is not clearly understood 

Grain boundary sliding may also explain superplastic-

ity. The absence of pronounced change of grain shape gives 
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support to this hypothesis. It is assumed that the grain 

boundaries act as a fluid. A complete disorder of atoms as 

in a noncrystalline state is approached as the grain size 

becomes very fine. Orowan [52] has suggested that the 

straing rate would be 

e = B_aS?'DT/kT 
•J J-i 

where the terms have been defined beforfe. 

The full explanation of the superplastic phenomenon 

using the sliding criterion has been questioned from the 

fact that not all grain boundaries can move without causing 

some grain deformation. It has been suggested that diffusion 

along grain boundaries could accommodate the material at the 

triple points to permit sliding, as long as the grain size 

is about 1 ym [42]. Not much attention has been given to 

the type of boundary that slides. In fact, sliding between 

two grains of the same phase is more likely to occur because 

diffusion will provide for the accommodation and stress 

relief. 

Superplasticity has also been explained as a dynamic-

recovery process. The idea has been thought taking hot 

working operation as reference where continuous recrystalli-

zation occurs. There is much discussion whether recrystalli-

zation occurs continuously during hot working. It is known 

that some materials do not recrystallize until after the 

straining is stopped [43]. There is no evidence to indicate 
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that high strain rate sensitivity is associated with hot 

working. Continuous recovery of superplastic material has 

not been proven, and only metallographic evidence has been 

reported [43]. 

"Survey of Zn-22Al- Experiments 

Most of the research in superplastic alloys has been 

centered on Zn-22A1 experiments by cold working, hot working, 

bulging of sheets, blank forming, corrosion resistance and 

many others. 

Nuttal studied the behavior Zn-22A1 as quenched and 

rolled at room temperature [37]. It was found, rather 

amazingly, that both hardness and tensile stress were reduced 

with increase in rolling reduction. The microstructure was 

elongated in a similar manner to most metallic materials. 

However, the tensile test indicated that the microstructure 

shape and size does not change. This again indicates that 

superplasticity is also associated with low strain rate 

(viz tensile testing). Nuttall also changed the grain size 

and noticed that as the grain size was increased the loading 

continued to increase with strain. But for the finer grained 

material a decrease in loading as strain increased resulted. 

It was also observed that aging at room temperature 

could affect the material properties. After ten days of 

aging it was found that cold rolled material could be elongated 
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more than the material that was aged for six months. 

Stamping experiments with superplastic Zn-22Al were performed 

by R. A. Sailer and T. L. Duncan [44]. They found more 

evidences concerning the very high strain rate sensitivity 

of superplastic alloys. They were able to make a stamping 

tool from Zn-22A1 by using a coin pattern and a small disc 

weight capable of deforming the Zn-22A1 at very low strain 

rate. The eleformed parts could be used later as a tool to 

make an impression in copper using a high deformation rate. 

This experiment reaffirms that;the flow stress of superplastic 

materials is highly dependent on the strain rate. 

Experiments concerning bulging of Zn-22A1 sheets have 

also been conducted at 250 °C [45]. The variation of the 

mean strain as a function of grain size, and pressure, were 

studied. It was found that the bulging characteristics did 

not change appreciably with pressure over a limited range 

of pressure; instead, variations were associated with grain 

size. Bigger elongations and better material distribution 

were obtained with finer grains. Also,surface roughness of 

the formed parts increases with grain size, as the strain 

rate sensitivity is diminished. 

Deformations involving severe variations in strain 

rate, such as forming a sheet around solid projections and 

wires/have been recently studied by Underwood, Gomez, and 

Ueng [40]. 
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REMARKS 

1. The flow stress of superplastic materials is 

very sensitive to the strain rates, but not to the strain 

level. The deformation of the material is very 

uniform, exhibit no necking under tension, and the engi

neering strain is 500% or more, before rupture takes place. 

2. Superplastic alloys are still in a development 

stage; but some alloys, as eutectoid Zn-22A1, are finding 

more and more industrial applications. 

3. Superplastic materials can be used to 

advantage, especially in the manufacturing of complex parts 

from metal sheets or billets. Neiither the degree of filling 

nor the reproduction of details are matched by conventional 

materials. Production cost can be reduced as an assembly 

of several standard components is replaced by only one part 

made from superplastic alloys. 

4. Superplastic materials are found to be very 

useful in tooling, especially in tools for injection molding. 

5. Ceramics alloys, and single phase superplastic 

materials have been reported. A common feature to all 

superplastic materials is that they have a very fine grain. 

For this reason, most superplastic alloys have a eutectic 

or eutectoid composition. 

6. Superplasticity is only observed in a range of 
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temperature and strain rate that is characteristic for each 

alloy. 

7. Once the parts are formed in the superplastic 

condition, they can be heat treated to restore desired 

mechanical properties at room temperature. 

8. The mechanisms to explain the superplastic 

behavior of some materials is not fully understood. Grain 

boundary sliding, vacancy migration, and dynamic recovery 

processes have been suggested as possible mechanisms. 

9. As superplasticity is characterized by very fine 

grains, in the order of 0.4-10 ym, it is expected that 

crystallization takes place by homogeneous nucleation, as 

it is' the case for Zn-22A1 where a spinodal decomposition 

reaction occurs. 
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