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. SUMMARY

i The ‘conventional 1igﬁt-ue1gﬁt sandwich structure

withla'honeycomb core is very weak and unreliable at the.

‘fillet bond in the corerfaoing interface._'The manufacturing .
- method of the honeYCombfis expensive, and thick cores are |

also very susceptible to buckllng.

Analytlcal and experimental 1nvestlgatlons were

‘carried out to de51gn and construct a new core u51ng_the S

vacuum ore pressure forming technique, in such a way that
(a) more area is available for the core—facing'bond, (b)f
1nexpen51ve heat welding can be used for the core bondlng,

and theoretlcally (c) the core medhanlcal propertles are

‘not sensitive to buckllng and 1ndependent 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 formlng

process were 1nvestlgated, and theoret1ca1 estlmates

developed in this research program.

Cores from both superplastlc eutect01d Zn-22A1 and

High Impact Polystyrene sheets, w1th Kevlar flbers embedded

were manufactured and tested under shear, buckllng, and

bendlng. and the results were evaluated accordlngly. )
The. ngh Impact Polystyrene cores,'although in the :

experlmental_phase, have comparable mechanical propertiesa
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to the non-metallic“cores;'and it seems thatlfurther -

imprOVeﬁent is_qﬁité pOSSibie’by_completély heét'weldiﬁg_

the'core;' '.. o | | |
L'-;A uniquéh&nd_novéi détaiifiﬁfﬁhH épreé:séemsitolbe.

the formétibn of-projéctions with:flaf'ﬁqp and bottoms .

interconnected by heat welded webs which have wires'dr J--:.

fibers embedded within them for reinformcement.

The thickness distribution within the cores was

. scrutinized as a function of location-and a'theoretical

justification for thé flow behavior was presented. . As a

consequence of this analysis, an improved projection con~

figuratidn and arrangement of the wires has been ihtroduéed

for-future.investigation.

T




‘Latin Symbols"

A

L

B B
v 0} N

- cross section in sheet number one N Coom

area of undeformed material per

cross section under shear o m®

U+ v, total energy CRR T --:”':-“  N-m
“Young's modulus of elasticity"  *' '_', MPa

 core Young's modulus of elasticity . Mpa

4

. NOMENCLATURE
- pefinition = © " Units
(R-—xz)/(R ~X. e o o dimensionless
%b)N, area per projection . = - . m
cross section .in sheet number two ' m
core cross section . _ .”_f '~ Hﬂ" com

projection . Co _ R .; :' Soo.m

1engtﬁ of the'core S o '_m'i
16qb4 (l+ pQ) /(m mnD Q ),'coefflclent -
for deflectlon w2 _ I | B
mn S :
ratio wO/wl O dimensionless .
width of the core = - ) 1  - m

core thickness I m

flexural rigiditf-ﬂ R o © . Ne=m

_Etdc/(l-v ), approxlmate flexural . S
rigidity . - : _ -  N-m

o+ t, bonventlonal sandw1ch thlckness_ m

sheet modulus of'elasticity' . . ‘MPa SN

core modulus of elast1c1ty in the x-- S |
dlrectlon _ o - .- MPa

M N
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m oW W g
2 mn ¥ =

n

Q
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H o O @ m

j=d

‘Definition
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Xxvi

| | Units
core modulus of elast1c1ty.1n the*. o |
.y=direction . o MPa '
“core modulus of elast1c1ty 1n the:' co L
Lo dlrectlon-_ : : : . - MPa
loadlng force in the shear test B 'r:ﬁ N
- m % /a + 1, sandw;chlfactOr-: dimeneionlees .
dlnternal force in sheet-number'oner_d.. N.'
._internal forcelindeheet-nﬁﬁber'twoj* . "N
.normal force component in a shear test. fN--
' shear force component 1n a shear test -'N'
force applled to a core sheet ' ) N
- force. applled to the embedded wires N .
F /N, shear force per projectlon} N 3Nc.
facing modulus of rigiditY'f_ - ' MPa
core modulus of rigidity a H MPa
core material modulus of rlgidlty MPa
height of pro;ectlon in mathematlcal : |
model | _ | N m
helght oflexperimental projeotionet ﬁ_
(tb/a + a/mb) /(1 + p[(mb/a) o+ 1]), -
sandwrch parameter _ dlmenSLODless
stress constant' _ Pa
VfRo - x) Gw,“constant,”eolﬁtion of o
differential equation ' N
length of plate . me
distance oetween projectione center ml
spearatlon between progectlons, length_;”:
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factor . e .. dimensionless
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a core _ Sl dimensionless
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maximum load before plate B .
buckllng failure N
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- - applied pressure in sheet one '-ffPe_"r
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' radies of curvature m 
‘radius of curvature at the end of o
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length of a deformed element at - L
‘time t + 4t _ m
length of deformed element at the end ;r'fﬂ
of second forming stage S m
time '.seee”

Deflnltlon

oxvii

 Units
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| Definition
initial sheet thickness ‘n
ftime.elapsedvformihg-sheet.dne s See
correspondlng tlme formlng sheet two:';ﬁ'see.
straln ‘enexgy . | | 'N-ﬁ
'straln energy of the core N-m
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‘displacement in the x-direction m
‘potential energy of the saﬁdwich | N-m
. potential energy due to. edgew1se
load : N--m
potentlal energy due to normal load q N—ﬁ
-effectlve volume of materlal per' 3.
pro;ectlon _ me
displacement in the y direétidne' ‘m
distance in the undeformed sheet or _.”
“sandwich Sm
_distance_in eheef one at time f_j;  @f
distance in sheet two at time t _ m :
| distance in the undeformed Sheet,- C .
Perperdlcular to x o m -
w,/w, ratio T e' dimeneiqnlese o
dlsplacement in the z—dlrectlon' :;mﬁﬁ'
' sheet thlckness at.tlme_t. | fﬁﬁf
'sheet thickness at time t + dt.f" ' m 
~ initial sheet thickness = m
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' Deflnltlons ‘;jd . Units

thlckness at the end. of second _ : L
forming step .

" thickness of sheet number one at

time t . B 1_,-{f;‘- o
--thlcknessﬂof sheet number two at |
: tlme t ‘ | |
inltlal thiCkﬁésgdintsheetenuthrlQne ‘m
init151 thickness in sheetztumber-tﬁo *_'m'

COEfflClent in: the infinlte serles of

 deflection . o .. .. - n |

deflection due to'-core prOpet-ties "oniy m

--deflection independent of core

properties S . mo

-_dlrectlon perpendlcular to the

 sandwich facing T, ' m_flu'

Greek Symbols

Deflnltlon o L N ;;.--'Units -

angle between the load F and the

loading plates : | dimensioniess:d
- shear strain o f{fd 'dimensidnless_un
'shear strain in the'23 pianee . dimensiOhlese:
-shear.Strain'in the.ky.planee_ :dimensiOnlese '-i]f[f
' shear strain in thezyz plene- - diﬁeneiphlessd;
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CHAPTER I

" YNTRODUCTION -

The need for faster air” transportatlon w1th greater =

effectlve load per pound of thrust led to the development

of the sandw1ch oonstructlon havmng a Very llght core -

| bonded to a strong fac1ng on each sxde. The most currently o

usad cores are made from alumlnum f01ls, glass relnforced

~plastic, polyurethane_or_other foanms, balsa wood, and_paper

honeycombs. Althocgﬁait'posseSSes'good_shear"strength T,

and modulus of_rigidity Gé, the'conventional core-tequires'

a fillet bond to secure it to thelfacihg_sheets.leThis'
‘results in a deétease in'reliability aﬁd,core mecﬁanical :
propertles, especlally under fatlgue. ;As”thewhoneﬁcomo‘
cells have no lnternal surfaces parallel to the fac1ngs,'”
they-are extremely susceptlble'to buckllng and the shear

strength is drastical ly reduced in the thlcker core range.

Flnally, the manufacturlng method of the honeycomb requlres_

an exce851ve amount of expen51ve, consecutlve bondlng and
-'curlng operatlons, renderlng its use pIOhlblthe 1n a

" number of - appllcatlons.

Balsa wood and paper are excellent core materlals 1n

“terms of strength to welght ratio, but thelr propertles

are very unrellable and . susceptlble to drastlc changes as

—— ey
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functlon of the m01sture content and aglng.

In an attempt to improve the weak flllet bond of the

standard honeycomb plastlc cellular cores have been
recently 1ntroduced 1n the market.o They are frequently
manufactured by trans formlng heated plastlc sheets 1nto fﬁ
three dlmen51ona1 shells posse551ng flat tops and bottoms;
however, they do not have cells 1nterconnected and ‘this 15-:
very detr1menta1 to the shear strength and the modulus of ':
rigldlty-of ‘the core. N | |

- A critical evaluatlon of the manufacturing methods

: and mechanlcal properties of the commercial cores led to
 the recognltlon of the follow;ng-pr1n01pal areas whlch were :
the object of’ the present research. (1) Improvement of the :
core fac1ng bondlng areas, (2) Development of a core re31s-_

tant to. buckllng,:and (3) Methods to. reduce adhe31ve bondlng_f

operatlons. Startlng from thlS frame of reference, the':“

author developed an apparently novel core manufactur1ng

.technlque* by which a straln rate sensrtlve plastlc or

metallic sheet can be-formed around wires or fibers and

_:projections disposed-in;different arrangements}:as the
" ‘sheets are heated_tO'a characteriStic'temperatnre and .
_ formed by either vacuum or-presSure'against_a”die;f}in this =

1_way, a composite shell is generated;_having the'appearance'_

g7\ patent covering this technique has recently been:filed.

——uy




of a wire reinforced honeycomb (WRH}'Core; inCQrporating’
- group of surface of revolutlon pr03ect10ns dlsposed 1n a
regular fashxon and 1nterconnected by vertlcal webs in whlch

'.w1res are embedded. The core’ presents flat tops and bottoms,'

.- as shewn 1n Flgure 1-1 whlcn permlts a good bondlng area

'land llmlts the cell” helght to a fixed value, maklng the core.
1nsen31t1ve to buckllng, unllke the conventlonal honeycomb.

The most effectlve bondlng method,.ln applylng the
.-WRH process to plastlc sheets, seems to. be heat weldlng,_
.51nce no adhe51Ve is requlred except for bondlng the core._f
to the.fac1ngs.' Heat weldlng not only optlmlzes the-core-
_strength but as the energy requlred has already been trans-.
mitted to the material for the formlng process, heat weldlng
‘may be economlcally highly advantageous.r |

As the technigue of the WRH cores. was mastered - new

ideas were generated up to optimize the core shear strength'_"

_and the modulus of Ilgldlty. 'So, in the second phase of"
the lnvestlgatlon, formulatlons were . developed (a) for the
.thickness: dlstrlbutlon in the varlous stages of the formlng
-'process, (b} for the optlmum flow, and (c} for estlmatlng _.
the core mechanlcal propertles._ A serles of shear, buckllng,.
' bendlng and thickness dlstrlbutlon tests were conducted 1n'
.an attempt to determlne the_core mechanlcal:propertles and l'

. to confirm the thedretical analysis.




Heat welded éores can be maﬁuf%éiuredVin a wide

den51ty range, and strength to welght ratlos would be =

- expected to 1ncrease markedly through furtherx lmprovement

of core—facxng bond, the use of other plastlcs materlals,_""

and optlmlzatlon of projectlon shape and arrangement,

-followxng.the 1ines_dlscu ssed 1n the present work.

__NODES WITH FLAT TOPS

HEAT - WELDED

NTERCONNECTING WEBS

SRS LSy FLAT VALLEY

) I A T J'H.-; ey’ gl ,‘?’/ ’ . '
A 5 o o e  PROJECTIONS ~

NTRAPPED_REINFORCING WIRES =

- Figure 1-1. wire Reinforcing Honeycomb (WRH) Coxes

Made from Plastlcs or. Metalllc Sheets. =

=T =7

N



CHAPTER II
LITERATURE REVIEW
To process and characterize the wire reinforced
hoheycomb;'it is in 6rder to make a literature sﬁrvey o
referring to the conventional honeycomb manufacturing

process, to materials currently used in sandwich construc-

:tion; and-to.the mechanical_behaviot of those.maferiélsrf'

such as polymers and superplasfic Ziné—22A1 ﬁhicﬁ"mi§ht Bé. ”:-~
used for processing wire reéinforced honeycomb. -
The foilbﬁing_literature surﬁey_therefore relates tbz :
previous.studies'pertaining to sandwich cdnstrﬁctioﬁ B .
characterization and testing procedureé; bbﬁding methods;

reinforcing fibers, as well as 5uperplastic'materials.

I__Sandwiéh-Construction'f

Sandwich COnStrubtioh_is_a relatively_ndvei struc-

_ tural element, having its origih during World War II¥., It

has principally been used in'the air énd space.vehic1es;- 

Although. of féirly recent origin, many researchers have f

-devoted effort to the characterization of phé mechaniéal;

properties of the light weight structures, and have attempted,

for design purposesk to understand thé beﬁavior of the core

as a function of configuration and materials propértiés.




‘'mechanical properties for otherwise s;mllar oores._ The -

" variations for ‘the aluminum honeycomb-as much as 500-percent; _l'j

Most of . the-work'to date has dealtrwith'aiumihum honeycomb, .

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

. example, Kuenz:l. [2 3 5,7, 8], Voss [1], Stevens [6 7], and

Jenklnson {5, 10], have all been productlve in the study of :

~ the aluminum honeycomb, as well as 1ow_deq51ty cores such.

as those made from-Kfaft.paper,Ipolyimide.ahd'éol?ester:-

films. Topics'feviewed include the strength of ‘the core,

’ manufacturlng processes and also test procedures.d Some of . :ﬂ

these may briefly be summarlzed as follows.
Vose_[l]-stud;ed'the mechanlcal propertiee.of:iow

density sandwioh.COres'made.out'of matefiale SUCh'as foam

re31ns and glass—flber deformed mats 1mpregnated with res;ns

haV1ng a waffle pattern. He found wide varlatlons in the -

mechanical properties of commercially'available’honeycombs

used in structural sandwich constructlon have been Studled

by Kuenzi [2] | The analysis of the experlmental data :
1ncluded methods for predlctlng average strength and stlffness
values from ba31c mater1a1 properties and core. conflguratlon.~ _i

It is 1nterest1ng to note that Kuenzl reports shear modulus L !

o Paper honeycomb for structural buildlng panele was ]
evaluated by Se1d1 Kuenzi and Fahey [3].; They investlgated b:,b_‘
the effect of: the decay, acidity, alkallnlty and aging on .
the shear and compressive strength of paper cores._ The_'

weight percent of the phenolic resin, urea, and'sodium_d'




9111cate adhe31ves were varied in-.an attempt to determine

: optimum proportlons of base material (Kraft paper) and _-'

adhesive for core manufacturing._
The use of resin 1mpregnated paper to make sandw1ch

cores has also been’ studled by Markwardt and Wood [4]. By '

glueing together large numbers of flat and corrugated sheets _a
in different configurations, a variety of combinatlons were'_”
made available. The sandw1ch panels made from this type of ;h
.materlal has an appllcatlon in building construction.

Turning_to_metallic_light weight structures, Jenkinson

and Kuenzi [5] madé a series of experiments to characterize -

the shear strength of aluminum honeycombtcores:aS'a functionl'

of core thickness. They found that il)htension'and~'.

compress1on shear tests generate 51m11ar values for shear -

strength and (2) as the core thickness 1ncreases the shear :5

strength decreases for the same honeycomb denSity._ L

An evaluation of the compressxve and shear properties :

of corrugated foil sandwich cores was performed by Stevens fﬂ

[6)]. The crossbanded cores were tested and compared w1th ,*

HconVentional aluminuﬁ honeycoﬁb'for the Samé'aensity,. The
“aluminum hexagonal honeycomb ‘proved to have higher modulus ;la___,

of rlgldlty G .and shear strength..'

Stevens and Kuen21-{7] also made a series of experi-

mental determinations of mechanicalfproperties ofihexagona1'7

honeycomb cores and proposed a series of linear empirical

. equations relating compre551ve strength to denSity,




compressive strEngth to shear-Strength-and'an eQﬁatioh'h

correlating the shear strengths in the_length and in the
width dlrectlons of the core.

' Kuen21 [8] ‘went on to dlscuss how a serles of tests

’were conducted to assess the structural capablllty of

titanlum alloy sandw1ch construotlon hav1ng the fa01ngs and

the honeycomb core bonded by dlffu51on. Results in flatwise

- tension and compre351on, edgew1se compression and shear

tests were presented

Turnlng to testing technlques, Kommers and Norrls [9].'
designed an apparatus for evaluatlng sandwich plates where

the load is'applied normal to the facing as'advacuum pump

; is'connected to an evacuated box that has knife'edges where

the.sahdwich rests. Although this is not a Standardizedff

test, it can be used in a rather convenlent way to determlne

the shear PrOPerties of a sandw1ch constructlon._ Comparlson~ SR
of the analytical and experlmental deflectlon as a- result

of shear in the sandwich are p0831ble u31ng the descrlbed :

testing apparatus. .
Again, referring to polymericdﬁaterials,TJehkinson”fd
[10] has determiped-theishear strength'of polyimide”and*'.
polﬁester fiimﬂhdneyoombs The spe01mens were prepared by
dlpplng the core edges in epoxy resins to form re1nforc1ng
fillets about 1.5 mm thlck around the boundary of the cells._'
Most recently, Baldanza [11] made a statenof-the"art

survey of plastic sandwich construction'tofprovide'general-




and technical infbrmation for theﬁdesigner in*tank and

automotive components such as vehicle bodies, fire walls,:

*ballistic re31stant panels and flotation units.- He appears'j
~to favor the use of honeycomb for vehicle bodies prOVlded .
.'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 hlgh :

strength to we1ght ratio and stiffness factor.”;:a

With the intention to fabricate a sandw1ch core w1th';'

higher strength—to-density ratio than the ‘aluminum honeycombf.'

and with manufacturing techm.que involv1ng no adhesive -

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

for production of sandW1ch structures which can be formed

to complex contqurs Without detrimental effects at the coree:.

facing interface._ The core is made by roll-bonding T1—6'

Al-4 V alloy sheets and suhsequently difquion bonding the
core to the facings. During the bonding process the core 1s'.
'supported by filling the enipty spaces with suitable materials:_t L

that areglatergremoved by a leaching operation;"however,fa

more reliable method to eliminate the filler material had_--”

 yet to be found.

Looking at more récént 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 oonditions to B
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determine:the'feasibility of;liéht meight struotures-as_-;'
shock attenuators.inithe=soft landing Of.space vehiclee,;p
The Bendix report seems to.oonveypthe_ideaﬂthat crushable
materials in capéule form.may be theloest;éhoice'topcounter_
actpmeteorite and landing impact;'variation.of'fribtion with .
'.environment, and maintenance of close toierances_in.the .
'space shlps. | | | |
| Turnlng to the ana1y31s of the ‘behavior of sandwxch

structures, followlng_Relssner s theory of plates, Ueng_[14]

has developed a set of equations.for the generalized forces S

'acting on a saﬂdmioh plate. These equatlons together w1th
‘the eqguilibrium equation represent a system of equatlons for._
the generalized forces and dlsplacement varlables. Ueng |
reported the 51m11ar1ty in the analysis of sandwrch plates-
and homogeneous plates and prOV1ded an example problem to
_demonstrate the simplicity of his approach for sPec1a1 caseS-
'compared to other methods. | - | :
A  series of ba51c analyses in monograph form about
sandwich structures have been compiled by both Allen [15}
and Plantema [16]. The theory, in its more complete form;r
- can be considered as an extension of beam and plate theory -
for homogeneousamater;als. It was noted that the deflection_'
of.tﬁe sandwich as a result of_core shear whlle disregarded
in piate theory, it is'oonSidered qaité signifioant'in _};

sandwich analysis.




1 ”.._

Bonding_df.
The.bonding'of the strips_to make'a'sandwich-core;
as well as the COre—facing bonddseeﬁs:to_beIan.areaTOfb
intensive research beCauSe excessive deformation-due'to_d.

bending and-buckling and fatigue failures can be traced

back to cohesive or adhesive characteristics of the bonding? ddd

-medlum

Effort has been dedlcated to the lmprovement of

adhesive 11fe and strength, re51stance to hlgh temperature, o

non-adhes1ve bondlng methods such as dlffu51on bondlng and e

heat welding, and also surface preparation and adhe51ve f
application. -

A study of how the surface of both the core and

facings of a sandwich structure should be prepared'for better R

'bondlng has been made by Ejckner [17], Black and Blomqulst
[18]. The chem1ca1 solutlons and surface preparatlonJ

methods in 1ndustry today follow closely Elckner 'S recommen-.

datlons. Ten51on tests Wlth a bonded area. of 12 5 mm X 101 65

mm (1/2 1n X 4 1n) accordlng to ASTM Standards to determlne :
the strengthof the bond were - conducted. | o

Fan [19] went on to dlsclose that the quallty of the

adhe51ve to join “the fac1ngs and the ‘core is a very Slgnlfl-ﬁ_:

" cant factor 1n the final results of the sandwlch edgew1se A

compre551on strength.- The 1mpllcat10ns for these flndlngs

in the actual englneerlng design is that the core modulus

_of rigidity G may not be. consrdered as an 1nvar1ant in the '55b

[P
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: evaluation_of the critical bucklingpstress:of the-sandnich;_
Fan suggested that the testing.techniqne shouid be improved__.
to include.SPecific data'of the bondinglmedium; - To obtainh
. more rellable results for G ; ‘a shear test may also be done
for comparison purposes. . R | |

The procedure to clean the surface of alumlnum sheets
.'prlor to bondlng has been examlned by Cagle [20]. The de31gn_f'
of varlous types of JOlntS has been considered and a-series
of bond strength tests were proposed.p.p | o

~ The pOSSlblllty of bondlng plastlc to 1tse1f by |
applylng heat and pressure has . been dlscussed by Sk61St [21]
He has 1ndlcatea that most plastlcs, except cellulose -
:nitrate,.can be heat welded between 325°F and 400°F.

TDebruyne 1227 has made a comprehEnsive study of the

adhesion mechanism, adhesion and cohesion and the preparation .

and uses of epoxy resin adhesives; In'reference to the.
-plastlc sheet forming technology, Bernhardt [23] has made'
an exten31ve rev1ew about plastics hot formlng. _Many

- variations of the vacuum formlng process:are dlscussed'as
well as aspects of parts design and-limitations;' Details
reéarding.heating and optimum_forning”teﬁperature.for'most
plastics'and'in particular for High.Impact Polystyrene are

-given.

Relnforc1ng Flbers

o In an effort to increase the core—faclng bondlng area
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in_a sandwich,-the author developed the'idea of using thiﬁ3
wlres or organlc frbers to form webs to ]01n surface of
revolutlon prOJectlon shells in a regular fashlon, as a"

metallic or polymeric sheet is transformed into a sandw1ch

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

or fiber mesh;-as illustrated later in Fiqure 3-2. 'ﬂKevlare

49 aramld seems to be about the most promlslng flber ‘used

: for that purpose, Rlewald and Venkatachalam [24] have

evaluated the excellent propertles of_"Kevlar" strengthening'

fibers and determined the maximum temperature that this

~organic material can stand without appreclable degradatlon.

A ten51le strength of 3 3 MPa {500 000 lbs/in ) has been

reported for Kevlar 29 and Kevlar 49.'

‘Soperplaetic Materials-

To make the vire reinforced honeycomb, the sheets

area must be 1ncreased in the order of 200 percent ‘and the

material must flow falrly uniform. For this reason, a'r

superplastic alloy sheet must be used. What follows is a

‘quick 1iterature.survey'of the most relevant development in

the field Ofesuperplasticity, IThie subjeot is covered in

greater detail in the Appendix F.

‘It was observed in the 1920' 8 by Rosenhaln [25] and

 Sauveur [26] that some materials llke zinc, copper, alumlnum

_ eutectlc alloyﬁand iron had mechanlcal.characterlstrcs

closely'resembling hot'polymere or glass at the transformation
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temperature. .This type of'behavior.was later identified es.
”superplastlclty“ by Bochvar. ' | B

Underwood [27] is. dlstlngulshed by produc1ng an
eexten31ve rev1ew of the subject and, 1n fact, 1ntroduced the
.term superplast1C1ty to the Unlted States. Rossard [28])
.demonstrated analytlcally that superplast1c1ty is the result
'_of an equlllbrlum between hardenlng and recovery above the o
. half melting point for some alloys; therefore_stralnrrate
'mast be a basic parametersthat controls the_soperpiastic’”
charactéristics of such materials.' He-determihed the'miﬁimum .'
-'value that the strain rate Sehsitivity;factor ™ should_haﬁe
-for'signifioant Superpiastio deformation to take'plece.-.This
-was proved experlmentally by Backofen, Turner and Avery [29]..

Rossard [28] also showed that for stable superplastlc d
flow of material, the stress 1n the equatlon of state should
be a function of straln, straln rate, a'straln rate_sen51-j
.tivity indek m, and a strain.herdehing-index N. To this
regard, Holt [30) theorized'that, provided that'the etreiﬁd.
hardenlng index N is a mater1a1 constant, Rossard‘s equatlon
~of state can be reduced to an expre551on where straln rate
._but not'stra;n is the lndependent varlable controlllng the
flow stress. 1In euch case,'the eonstitutiﬁe equation could
be writteh ae | o |

. ..m
c = Ke .
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Accordlng to Ragab and Duncan [31 32] the straln rateld
sen31t1v1ty factor can also affect the equatlon of state
 for backward extruSlon of: superplastlc Zn—ZZAl alloy, and
. for unlaxlal tors;on tests on, Zn 22A1 and Sn—Sb alloys. |
They made some theoretlcal analyses substantlated by experl-
mental evldences on thlS 11ne. _. _ |

Headley,lKallsh and Underwood [33] have studled the |
mlcrostructure, the formlng technlque, and lndustrlal
'appllcatlons of commerc1a11y avallable superplastlc alloys.'

They have considered that ultraflne-graln size 1s the most -

important characterlstlc of superplastlc materlals.f

: Regardlng the manufacturlng of superplastlc materlals,'
Holt [34] has studled the condltlons to produce a super—
plastic alloy. Ba51ca11y the graln should be between l lDum,.
the'material should be multiphase, and the stablllty of the
grain étructure ia provided by'low interphase boondary
mob111ty._ | | | w |

Looking for some ba51c explanatlons for the ductlle |

behavior of some materials, Honeycombe [15] has proposed-
- that the main factors that govern maxiaﬁm'ductility in -
yeiagle crystal are (11:on1y one slip'aysfeﬁ,_(Z)falloyy
purity,_(Si'free movement and ﬁigh elimiaafioa rate'ofy
diSlocations,'and'(4) uniform plastic_defocmation_througﬁout
- .'the.spe'cime.!lo | | - .. _ |
The deformation characterlstlcs of conventlonally

plastlc alloys and superplastlc alloys has been compared by




Nicholson [36] Empha51s was put 1n 21nc and magne91um

superplastlc alloys and 1ts w1de range. for p0991b1e

 applications. .

- The deformation'characteristics of eutectoid.Zn-QZAlf'

.alloy at room temperature'has been studied by Nuttall [31]
He found that both the ten31le strength and the hardness ofp
| eutect01d An- 22A1 amazlngly diminish w1th cold work.

Nuttall's flndlngs seem- to suggest that the effect of graln-_r

size upon the flow stress and presumably on hardness in -

'superplastlc materlals may ‘be qulte the opp031te as’ compared_'

with the éffect on common -al-loys.. :

Tﬁrning'to industrialuapplicatioﬂe,'Naziri_and éearcé.
[38) have discussed the advantages and dlsadvantages of .
using superplastlc materlals for productlon _ They have put )
emph351s in the p0551b111ty of manufacturlng complex parts |
1n ‘small presses in a few operatlons. |

A group of researchers from IBM led by Flelds [39]
investigated the mechanical propertles, formlng ablllty, and :
applications of Zn—22A1'alloyr Underwood, Goﬁec and Ueng ,-;'

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

fabricate sandwich cores using superplastic materials. They

put emphaeis in the relatively'ihexpehsiVe equipment'

required for the core manufacturing.
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CHAPTER III.
INSTRUMENTATION AND ExPERIMENTAL_APPARATUS'___

In order to make the wire relnforced sandwxch core,
ngh Impact Polystyrene sheets were processed in a 1abora- .

tory type vacuum formlng machlne, Flgure 3-1; whlle the

Zn-22A1 sheets were pressure . formed in an 1ntegra1 furnace— '

-pressure formlng assembly spe01ally made for that purpose,
'F;gure 353. In both cases_the,sheets.conformed to the_ _.I
shape of a die whicﬁ]wee made'with ihterchengableﬂprejec4ﬂe
tions; Figure 3-2. Sandwichlpanels-Were'made by'placing.
e:facing on each side of the'cere; . ) | |

| Tensile shear,'compreseion shear,Iedgewise_compfes—'
Sidn,'and bending tests, Figu:e 3—8'to'Figure-3f12;fwere“

'made following-ASTM'specificetion gﬁidelines [50]: tAn

Instron;uni?ersal testing machine, Figure_3-4;,wés used for

theése tests in conjunction with a Saanrn recorder; Figure
3-~7, which was used for regietefing strain in the'edgewise

compre991on and bendlng tests.

The above 1nstrumentat10n and apparatus are descrlbed o

in detail in the present chapter.

- Vacuum Forming Machine
- A vacuum forming machine was used for the formation

of the polystyrene sheets into sandwich coree.f;The machine




  13:'

INSULATING COVER

EXTERIOR HEATING c01L f

\SEALING TAPE '

R ¢ IR    _.
|y |"VACUUM FORMING
-.fﬁ_;- TABLE =

IO _VACUUM TANK‘-ﬂ

° WHEEL

A AL A G S SR A ey SR S A G e A A A G S ANE ah e e S

: 'Figuf:e 3-1. Schematic Representa.tlon of Vacuum _
- : Form:.ng Machine. :

N POSITIONING Hf:}




19

has a heating table of 2. 1m'x.1 Sﬁ'With'two sets cf:elecch
tr1ca1 heatlng coils coverlng an area of 1. 8m x 1. 5m, but

~ only the interlor set of c01ls Whlch covers a space of

.0 9m x 1 5m and has a power consumptlon of 420 KW was used
.throughout thls research. A steel holdlng frame w1th ;"*
vert1ca1 motlon brlngs the plastlc‘sheet to a flxed dlstance

_from the heatlng c01ls, as 111ustrated in Figure 3—1. The -
frame is attached to the vacuum formlng table Wthh has a |
backward and 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;

The vacuum.fOrming-table'is connected tc:the 0.13 m3 
evaéuating“taﬁk by 7.5 cm (3 in.) flexible hose. The pur—
pose of the tank is to provide and sustaln suff1c1ent
vacuum during the entlre-plastlc formlng-process. Aftef |
‘several forming cycles, a limit switch activated by_the:t .
tank pressure turns on the vacuum pump_motioh to reche.the
tank pressure to working levels,.about 1.3 Kpa. The machlne

is located in an enclosed area to avoid chilling of the.

plastlc sheets.as they are formed. The polystyrene cores ;

are ﬁade as the heated plastic sheet is brought into'ccntact_fn

with an alumlnum dle that is placed in the vacuum formlng '
table and the air between the die and the plastlc is - L

evacuated.

— e

il
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Form:.ng Die

The forming die 111ustrated in Figure 3-2 has -
general dimenSions of 21.50m x 29cm % 2.54cm.' It comprisee
a base plate,'a'set of boundary frames,.boundary §;ﬁs;j _ |
interiorlpins, small lateral chindrical'pine for wire
_fastening,'and an electrical eircuit to-indioate the_end
Of*the fOrﬁing-process. The die is made.out of 2b24'

- aluminum alioyruhich is very easy to machine, hae'good
'corr031on re51stance at the working temperature and- 1t has
high heat conduction coefficient compared W1th steel._ The
base plate has a series’ of 6. 25mm (1/4 in. ) holes disposed t
in triangular pattern, 12 Smm apart, 1n which both the o
boundary and 1nter10r pins fit.. There are -also ten 2mm
holes in the base plate for air evaouation during both
vacuum and pressure forming. While the boundary pins have
a cylindrical prOJection to allow fit 1n the boundary frame
without major gaps, the interior pins are shaped 11ke -
-truncated cones. The boundary frame has an 1nterna1 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 1ocations, ‘and tearing of the sheets, due

to thinnlng and stress concentration at the houndary, is

" avoided. -All the pins and the boundary plates can be'

' removed ea51ly from the base plate so that experlmental
cores.with dlfferent configuration and height-can be.made. o

Three small 0.125mm deep grooves are placed on each pin to
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proside space‘for-the'reinforcing Wires~sbut thls.ternedl
out to be unnecessary when the Kevlar 49 bundles are used
~as relnforcing flbers, since they flatten out when they are
placed.on top of:the pro;ectlng plns._ Consequently, the o
top ‘and bottom bonding surfaces oflthe core are eSSentially:
flat. A series of small grooves are machlned in. the bound-

- ary frame and lmm steel pins are 1nserted in the frame in a'
horlzontal p051t;on in allgnment with the_boundarylgrooves.ltl
In this,way a mesh of Kevlar fibers'canebe_readily woven on
top of the die. ' As there is no visible way to tell when
the formlng process is completed an open electrlcal c1rcu1t
is 1nsta11ed in the dle.; Two thermocouplevw1res with
ceramic 1nsulatlon were 1nserted 1n the base plate and
connected to contact p01nts at the upper surface of the_
plate.’ -The;w1res are connected-to a 3 volt battery-power .
light sonrce. As the metalllc sheet reaches the bottom of
the dle, the electrical c1rcu1t is closed and the 11ght |
source indicates that the pressure formlng process is near
completion. | | |

Pressure Forming Furnace

The Zinc-22Al sheets were formed in a furnace_With
'a heating space of 30cm x 30cm x 20cm, as.illcstrated’in ;
Figure 3-3. Stainless;steel 3mm tnbing connects.the.' |
furnace to the main air line. The.pressureltogform thep

sheet can be varied from 34 KPa (5 psi) to_GQOIKPaZ(IGO psi)
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by means of an air pressure regulator. A gasket made fr0m

a 6.25mm thlck 2024 alumlnum frame covered w1th a me thlck d-

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

chamber that 1s above the superplastlc sheets to be formed._”

The chamber is closed as a’ 25  4mm manually deren power

screw. tlghtens down the upper portlon of the d1e agalnst

the forming sheet.,-The air 1s_brought into the pressure"_-s

‘chamber through a 6.25mm thick_2024-aluminum:perforatedif.

_ plate”with lmm holes, placed 6.25mm.apart. In this way, )

- as the chamber.is pressuriZed,'no'transientfhigh air_flou-'
takes place that may '_leﬁ and tear abruptlir the forming. o
sheet. The furnace temperature is regulated by an.ou-offlt'
control circuit which ichohuected.to an irou-coustautanﬁl
thermocouple 1nstalled in the upper portlon of the die.

The furnace is heated by two 1500 Watt coils installed. onpl
the side walls of the furnace._ The walls were made with

7.5cm x l5cm x 45cm K23 light weight porous alumina B and

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

fire brleS were selected because they are very soft and

they can be cut and machined very easlly w1th ordlnary

machine shop tools. For safety reasons, the furnace-ls-~' -

‘installed under a hood with a constant draft. When the
furnace 1s in operatlon, the hood door is lowered almost

to a closed position, so ‘that the p051t1ve air pressure 1n

the laboratory helps to remOVe, through the hood, the gases b- o

generated durlng the curing of any adhe31ve.




The Instron Unlversal Testlng Machlne f-

All the tests to determlne the mechanlcal propertles
of the sandwrch core were performed 1n a un1versa1 testlng

machlne, model TTC standard manufactured by the Instron

| Corporatlon. -Thls-testlng instrument has a sensitlve,'

'electronic*&eighing 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'he-Operated in a

_number of positions from 0. 0508 em/min (0.02 in/mln) to-

5.08 cm/mln (2 ln/mln) -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 straln gages on’ any load cell

are. exC1ted by a stabilized osc1llator._-An applled load
on the cell causes a proportlonal change_in.the resistance

of the strain gages, and'the.reeultinq signal is amplified, L

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

balance; high speed recorder. The eensitivity'of the

"amplifier'may be ohanged'in'caiibrated steps of 1, 2, 5,

lo, 29, 50, and 100, enabllng the load cell to prOV1de a

number of full scale ranges._ The manufacturer clalms an .

'accuracy of the overall welghlng-system of %0.5% of the

1nd1cated 1oad or x0.25% of the recorder scale, whlchever

is greater. The machine has a compreSSLOn accessary that

permits application of a compressive 'load on the speclmen
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as the 1oad ceii:registers ahtensile load actinélon the.}}’d
moving crosshead, as shown in'Figure 3-5.; The srmply sup- :
ported loaded end and four supported edge buckling tests,_*
the compre551on shear test and. the four: 901nt bendlng test o
required the use of the compressron accessory.c';ﬁ{

The Sanborn Strain Recorder 5

In order to read the straln on the fa01ng sheets of
a sandw1ch constructlon as the bendlng and buckling tests ;
.were performed, a number of straln gages were mounted on t
.the sandwich faclngs. The straln gages were connected in
a full Wheatstone brldge c1rcu1t, as shown in Flgure 3-6._-”
The. change in re51stance of the actlve straln gage unbal—T
ances the circuit. A carrler preampllfler Model 150 1100,
manufactured by Sanborn Company, measures the-straln on-'
the facing sheete.by meaSuring.the'unbalahce voltage from d
the bridge. The carrier preamplifier-éupplies'an excitation-
. voltage to'theftransducer (Wheatstone bridge)}_in”turn, as
the load is applied to the cell, the transducer generates
.a voltage 81gna1 (produced by the actlve arm of the brldge)
. that rs_plcked up by the Sanborn carrler-preampllfler |
150-1100. The preamplifier iuterprets the-transducer output |
in terms of the physical load and ﬁoves the gaivanometer_ i
stylus across the“recording paper, ae shown diaéramtiCally
Iin_Figure-3;7. The carrier preamplifier_includee'a zero

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

load which might be obscured by*a_lefger'load;

Compression Shear Test Apparatus . -

The compression shear test apparatus was oseo'to7 :
determineé the shear strength and the modulus of rlgldlty of
:the core Gc’ followmng_ASTM procedures [S0]. These two
mechanical properties are pfobebly the most 1mportaht
properties of a core ehd they have difeCt heafing on the
sandwich performance. - The shearlng 1oad is applled to the
core through two 0 625cm X 15cm x 21. 5cm low carbon steel
plateslthat areldlrect;y bendedtto the core, as shown in |
Figure SLBJh Each pldte-has two khife edgee, so'that_the.;
core can be.tested in tﬁo @erpen&icular directione._'The
knife'edgee fit into tonO Géseh x 2.54cm x 7. Scﬁ guiding
plates, haV1ng each a 2mm V groove in the center. 1The :

guldlng plates are bonded to the compre531on dev1ce by a :

~“double coated polyurethane adheslve foam. In thlS way the

. shear fixture can be aligned and mounted with relative ease

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

:Starrett:defleetion.dial gage ‘is ihstalled-Oh one'of the -
shearihg plates. A 12.5mm x 12.5mm 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 conduoted the dial gage is. loaded agalnst ‘the

alumlnum stop. -As the test'proceeds, the relative movement -

between the two shearing steel plates can be measured as thee'
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- gage'spring maintaihS'the_senSOr pin and the aluminum stop

in contact. Both the gaqe.and the aluminum stbp supports

can be eésily removed from the shearing plates during the o

applicatioﬁ.ahd'curing'df the adhesive that bonds théqcore

to the'plates,_

- Tension Shear Test Apparatus
As in the compression shear test, the ténSion 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 hihges bolted to’theif ends and ho'_

knife:edge is'reqdired, Each hinge has two small 0.625cm x

0.625¢cm x 5c¢cm steel bars attached to_it;“aslshown_in Figure

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

. ring at the croSSheéd, as the specimen is loaded. As in g

' the compression shéar test, a dial gage and aluminum stop o

' meghanism.pouldiindicate-the‘relative-motion between the

two 1badin§.sheér-plates;”howevér; as tension shear tests
' ﬁere designed to determine the shear étrgngth of the core,f:
there was'no_need for relative deflection readings. 'Whilé.
the compression shear test fixture is mouhtéd.in:the cOm—_ 
preééibn accessory, the fixture for the tension shéaritest -

is directly mounted on the tensile test machine and align-

ment is automatic.

'Behding Test Apparatus

The four point bending test_apparafus is for'testing
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the deflection of the central portion of a llghtwelght
sandw1ch beam under the effect of a constant bendlng moment

applled in that portlon of the beam, as shown 1n Flgure o

3-10. The apparatus has a 150m X 350m x 0. 625cm hlgh carbon'

_Steel base plate. The plate . has been grounded so that the
-1oading surfaces are essentlally flat. The-load in the ftz.
upper fac1ng of the sandwich is applled by two 12.7mm round

. steel bars that are fixed to the steel plate, and . placed f"

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

: hars'apply the load to the“lower facing:of the aandwich
c'onslltruction.. .To. avoid rotatj.qn or misalignment of the' 2
llower bars duringlloading,fthey aretbolted-down to twoﬁh' |
0.625cm x 2 S4cm x 15cm gulding steel plates. Thehloﬁerflzt
bars can be moved to different p051t10ns 50 that the sand—-”
.w1ch can be loaded at different locatlons. To-prevente ”

'uneven'loading, both the guiding plates and thefround bars

have a cushlon of double coated polyurethane adhe31ve foam,="

1.5mm thlck Nelther the deformatlon of the soft adhesive

nor the bendlng of the loadlng dev1ce w111 affect the Sand-

w1ch deflectlon readlng; in fact, they are ‘not read dlrectly

from the unlversal testrng machlne output graph, but from_

 a set of two strain gages mounted in the sandwich facings

on the'section'of'cOnstant bending moment' TO 1oad the o

'sandw1ch, the bendlng flxture is 1nsta11ed in the unlversal

testlng machlne compre331on accessory, as 1ndlcated in

Figure 3-10. This compression device has two 2.54cm-x_20cm3
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x lécm parallel plates that can be. brought closer together o

at a constant speed as. the crosshead -of - the unlversal

testlng machine applles a ten511e load As the ten81on is

applied, ‘the sandwich beam is 1oaded by the four round steel

-bars-ln the bendlng fixture.. The strain gages installed 1n

the upper and lower fac1ng of the sandw1ch measure the h.:
facings-straln which is converted into afgraph_by_the__f
‘Sanborn recorder. | '

Buckllng Test leture'

The. buckllng fixture is used to test the edgewrse.”'
_compre551ve strength of flat sandwlch constructlon as
specified by the ASTM Designation C364—6l. The sandw1ch
islloaded inside the universal testing machlne compression

accessory,'as shown in Figure 3-11, ' The two baSe plates

at each end of the sandw1ch 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 dlameter plvotlng pln is

1nserted at each ‘end of the prOt plate through the lateral-'

'bearlngs. "As the allgnlng plates are moved 1aterally by "_
;sliding the fastenlng holts in the allgnlng.guidewplate, fﬂ'
'the sandw1ch 1s tested with small loads for even force drs—
-trlbution on each gac;ng; This can be checked out untll
the strain gages mounted on each fac1ng g1ve about the same
output, To reduce concentrated stresses on the fac1ng at

the'loadlng_contacts, (1) the sandw1ch ends are covered
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3w1th room temperature curing epoxy and (2) the load is
transmitted to the sandW1ch from the prOt plate through a
double coated polyurethane adhesive foam whlch levels out -

misalignments and irregularities in the loading surfaces;_}.

As the loading Plates in the compre551on accessory approach S

_each other, the sandwich is compressed edgew1se, and the
beam is subjected to-a buckllng load" wrth 51mply supported

loadlng ends. .

The buckllng flxture with simply supported loadihg
ends proved to be rather difficult to”align durihg the

.buckling'test'and one of the two-facings-Was freqdentl& -
unevenly loaded, as could be determined from the strain
gages readout. For this reason it was thought that a four
edges srmply supported flxture mlght be ea31er to load and
that the edgew1se compre551ve strength of the flat sandW1ch 55_
constructlon could Be readlly determlned. The apparatus
consisted of-two bolted aluminum frames,_as shoWn 1n_F1gure

' 3-12. The frames are made of four l.26cm x 2.54cm alumihum_

bars bolted together and prevented from relative-rotation.[_;'

.. The frame has a 8 75¢cm X 12 5cm x me w1de ground supportlng

edge, S0 that the sandwich has all four edges slmply supuV

ported. The frames are hand tlght agalnst the sandw1ch, sof o

that vertical motion of the facings with respect to the_'
frame can take plate without friction at theﬂedge.supports..

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




39

upper and lower ends of the sandw1ch,_so that the loadlng '
ends can be relnforced with a 0. 312em x 2. 54cm x 12 7em
alummnum Strlp Whlch is bonded to. the structure w1th room _
temperature curing (RTC) Epoxy garn, in an attempt to'

load the fac1ngs evenly, the force is applled to ‘the sand- -

w1ch through a- strlp of polyurethane double coated adhesiver“

foam. .

e — - e g
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CHAPTER IV
_ THEORETICAL‘ANALYSIS .

hThe subject material presentedlln thlS chapter can -
be divided in two main areas of studles-: {a) sheet formlng
analy3ls and (b) sandwich stress analy51s. =

Our main concern in. the flrst part 1s to derive
analyt:.cal expresszl.ons that may help to expla:m the way. the'
sheet materlal flows into a grven ccnfrguratlon and the
thinning that takes place as a fuhcticn ef the process |
Variables such as pressure, teﬁperatare,fstch thickness,
~and initial pciht coorainates'of the materiai. Cases such.
as bulging a superplastic sheet 1nto hemlspherlcal or f"
chllndrical shape_have_been stud;ed-theoretlcally_and
correlated with.the ekperimentallwork [45];.hcﬁever,fthe
deformaticn of a plastic or metallic sheet into_a;sandwich_'
core upon the application of heat and preSSure wouid seem.
_to requlre a more elaborate analy51s because the mater1a1
flow is nothsymmetrlc. For the partlcular case of Zn—22A1
the mcdified ecaatioh 0f=state governlng-the-superplastlc
"formlng process w111 be systematlcally taken 1nto |
'consideratlon [34]. |

In the second part -of this chapter; equatlens are
develcped_ln an attempt to correlate core-mechanrcal _:-

proverties to the core solid materials properties. The. :
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appiicability of this aﬁalysis_may‘be of?special'ieterest"
to the core manufacturer as he ¢ould anticipate the'strengthr
of the coreffor a.given materiai,dsﬁeet:thickness,_and core |
ccnfiguratibn For the conventional honeycomb siﬁilar-
studles have been done and emplrlcal equatlons have been
'developed,[48].. The sandw1ch core analysls also 1ncludes

a study of the deflection of the sandwlch as a functlon of o
. the loading mode and the core mechanical propertles such |
as shear_strength,-elastlc and shear_modulus.' The work of
| Allen {15] and Plantema.Ildl is_followed'closely'in thee*:
sandwich stress analysis. The equations 'developed in thJ.S B
section_can be used to determiﬁe tﬁe core.charaCteristics_;
as tests are coﬁducted.where_deflectioﬁ and:forces or.

bending moments are directly measured.

Sheet Formlng

The follow1ng analysis refers to the effect that the.
die frlction may have on the sheet thickness distribution
in the tran51ent and final state during vacuum or pressure
forming. Our curiosity has been around on thlS sub]ect |
because in the proce531ng of relnforced honeycomb structures:ﬁ
two distinct types of surfaces are developed. In one sur-
.face the material flows againstda solidiprojection;'as
-indicated in Figore 4-1. In the other surface, the materlal
drapes around the re1nforc1ng 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.

SHEET ;PROJECTf@N'flt- ﬂ; ] REINFORCING WIRE

caJ-}- R ()

. S B |

’Figute '4—1'; “ Form:tng Condltleﬁs; '
: - {a) Friction Restrlcted Stretchlng,'
(b) Stretching around the eres,
No Frlction _
The analysie.of-the_flow of matetiai for“the.cempletet'
 reinforced light weight structure'appea:e.to be rather |
complex; and ae-the boundary conditionsIare.irregular; tﬂere_'
is nolevident“way that an exact solutibn”fer thickness
_distribution valid for the whole”panel'can Ee found{_ However,
the. case at hand can be split into much 31mpler two-
dlmen510na1 flow models, as descrlbed in Flgure 4 2, where :Lt
the flnal and 1ntermed1ate shapes are perlodlc and the |
spe01mens are con51dered ‘infinitelv. long in the dlrectlon
normal to- the paper. The . advantage of maklng this simpler N
mathematlcally approxlmated model is that we may obtain

an exact solutlon that could be used as ‘an 1ndlcator to

predlct the material flow in the more compllcated real case.f-f
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_ .

a | :
(2) ~ DIE BOTTOM by

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 materisl disbiaceﬁent
is a result of uniformly applied pressure p.' As the forming
| is made at.temperatﬁres where the thin sheets can cnly
suppcrt tensile stresses; the sheets can be treated as a’
menbrane. - Let us assume that the sheet'has an'lnltlal and
intermediate_thickness L and w(s, t), where =3 1s the |
ihstentaneous coordinate of a small element of unit 1ength~
and w1dth ds at tlme t, as shown in Flgure - 3,-'

From the force balance -in the dlrect10n of p of the _

_small element of Wldth ds, we obtain'

(1) pr (a6} = (1)20w(d¢)/2 RO T




Figure 4-3. 2-D Friction Restrlcted Formlng._
{a) Instantaneous Sheet Shape;
{b) Free Body Diagram of an Element
: of Width ds _

o . ..;_g i:.. ? T? ¥€?{4+2ia  

The force béiaﬁceuin the tangentiai diréé#idn!@ives;f~{.
(Dvo = Lowsdw) (orde) - (4'3)

or, - |
ow = Qonsﬁant = inéepeﬁﬂenﬁ of;s' ' 5: r.(4%4if_;_

'from Eq;.4%4,'Eq;'4—2_énd.sipce pis ihdeééhdenﬁ éfZEwae t_il

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

the material will be éhaped-at_time t as a ¢ircular cylihder.
or radius r = r(t). Considering at'this point the fact that
the materlal exhlblts a unlform thlckness LS at the beglnnlng

of the fermlng process, from Eq. 4-4 we may say that the '
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sheet . is unlformly stressed w1th ¢ =0 independent of

t o’
location s. Thls con51derat10n 1mplles that at the con-lis'

clusion of the flrst increment of time dt, the'same strain

increment de has occurred everywhere, as it can be deduced -

“from thexstress—strain rate'relatiOn.governing the super—

plastic forming processii

Assuming that the materialiis incompressible in this non~ . .

elastlc process, the unlform straining in the .8 dlrectlon

can be 1nterpreted as a unlform thlckness varlatlon dw.

Therefore,'after_the first time interval dt,-we have_.

returned to a condition of uniform thickhess.;'As‘this-pro- '

‘cess is repeated over and over, we can~reasonably'prediCt

that at time t, the material that is free'te stretch will

exhibit a cylindrical shape of radius r = r(t),.and'uniform_t

thickness w = w(t).

In an ideal situation, that is homogeheous'material

properties,'stock'thickness and uniform heating seems to be
" all it is required to ensure uniform thickness distribution.
_However, as soon as there are small variations ih the sheet'

thlckness, conventlonal materlals will flow unevenly because -~

the flow stress is essentlally a functlon of the formlng
temperature only and necklng will most probably take place.
Oon the other hand, when a superplastlc alloy is consldered,

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 cdmpensated by the higher flow stress
required [431, as can be verified by Eq. 4~5.
. To shape the mater1a1 1nto its flnal form as shown

in the die of Flgure 4 -2, we may recognlze three distlnct

_forming steps, as shown in Flgure 4-4. -e
In the first étep'the'material-is-free'to*stretch'
until the radiuS'r(t) becomes ¥ = R/Z; in which case theg

material next to the supports touches the vertical surface.f

LT < 2/2
- .:ch).

‘Figure 4-4. Steps in Two-Dlmen31onal Formlng '
-+ (a) Unrestricted Stretching; BT
(b) Stretching Essentially Stops at the
Vertical Surfaces; (c) Stretching Stops
at Vertical and Horlzontal Surfaces. R

‘The first element of width dx and thlckness wx'o that is -
. formed will be-sub]ected.to_dlmlnlshlng_tens;on forces with
time'because as the forming'prOgresses,~the frietional-

force F per uhit 1ength w1ll greatly reduce the resultant

-stress applled to thlS element, as lllustrated in Flgure eb_---

4-5 where F is:




h

o

CONES I
-fpdx;*1 = Jpdx
_ . o

(ow)

Figure 4-5,  Force Balance of Element Under Restrlcted-:-
_ Vertlcal Stretchlng. ' :

As the sheet is formed against a vert1cal portlon of thee:

3 d1e to a depth x = h, the stress o at x=0 is ObtalHEd from'

the force balance: -
'(Uw)x=0'= (ow’x=h - Ppht '_..':' I.t(éle

As a first approximation, we may neglect the stress o

" and con31der that once the sheet mater1a1 touches the dle'

surface, further stretching becomes 1n51gn1f1cant. In that o

' case, using- the lncompre351b111ty and unlform thlckness

conditions in the first step, we may conclude that.wx=:O f”_
is given'by: |

P= up(l)dk = uph:t_& '  _. _:(4—6)_

X=0
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_ WX=6 = TrE./2- = ZWO/?T._.“: : P (4—8) |
where w, and w = 6 are the initial and final thickness of =
the sheet at x=o. To determiné the'thickness'at any bther

position x during the second step.as_depicted'iﬁ-Figure 3b,
we may use the incompressibility criterion in a time incre-.

ment dt, where the material in the half_cflindef_at the

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

into a half’cylinder with thiékneSs (w +'dﬁ) ahd“two_sma11I

strips of length dx.

_ Al 3
* 2
S
time = t+dt - ,

'Figufe 4-6. Second FOrmingistep;.””'

Equatlng the volumes at tlmes t and t + dt, the

'followlng expression results.

(wn£/2)t = (wn£/2)
or




| sol

Ihtegrating Eq. 4-10 and replacing the value 6f_-t

wx=0 from Eq. 4-8, t

o
QoY
e—Qx/nL'

wiv, = &

where w represents the sheet thlckness at a formlng depth

equal. to X, as shown in F;gure 4-3b, or Flgure 4 4.

i The third and last forming step ocours when the sheet |

materlal is touchlng both the vertlcal and horlzontal sur—
face of the dre._ Agaln, let us- con81der a small change in
_shape the materlal nay undergo durlng the small tlme B

-interval dt, as lllustrated 1n Flgure 4-- 7.

x 1. o -
_:f' ,_;H""i"_di . ,fﬂjdwj
- >
_ // X . |
time = t . time = t+dt ;

- Figure 4-7. Third ForminQ'Step.

It is simple to show that the ﬁaterial free of

- friction has uniform thickness w and (w+dw) atttimes t and

_(t+dt)r as may be anticipated by thefanlaysis in the first .

(4-12)
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forming step. Also, from the symmetry of the load, the

small elements formed vertically and horizontally“are:ofj?_'
the same length dx. Under.these circﬁmstances} EhejincomJZ.
- pressibility condition can be written as:
Ciqe *o2axw  (4-13)

S r/2 wjt.= (nx/2 W) a0

Also, from geometry, we have that:

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

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

'
"n(rw/(rwm - %""“‘r/rﬂ e
S&iving forlﬁ/w¥, ﬁé obtain:

_whefé'r* ié the radiué when the first eleﬁént-touches the
.bottom sufface;-indicating thé-beginﬁing pf the1£hird'
forming step. The value of r* is obviousiy'given_by |
r= 2/2 and x* = H-%/2. It may be recognized also that”ﬁ*
also répresents the thickness of the last element fbrméd N

in ‘the second step; that is, using Eq. 4-12:
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L1 —aqE-g/
w*/wO =T T -

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

valid for x'} H-%/2: -
e (w*) (w_/wo) - e 7
 We can recognize from Eq. 4-19 or Eq. 4417_that as the
radius grows smaller in the third step,:w also becomes.
smaller. We should, therefore, éxpect é rather critical

conditioh in the last elements formed if the final radius

is Very small, ‘This phenomenon, howeﬁer, may be attenuated

in the a;ctua\;l:1:»1:c:ces;'s.r as'thinning may occur at.theivertical

pdition of material after the_sheet comes in contact Gith
the die surfacé, and the actual fdrmiﬂg'time should bé 1eés 
than what could be predicted he#e;_.In:éOESequence,'ihé'
final thickneés of the most Strained:elémeﬁt,'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,'thé material that comes.in contact with the_die .
will be strained at a diminishing rate with_time:duringlthe
rest of the forming process. In fact;-althOugh thé fricéiu-

tional force F increases with time, it may not be sufficient

L (4-18)

_4(H-R/2)w2(2H-x)(4/ﬂf1) 14f1§j |

P
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to balance the applled ten31on in the free end. For this'

reason it is proposed here to study the mater1a1 redlstrl—

l butlon in the other extreme case, namely._ unrestrlcted :
 thinning where the friction coefficient is-zefo in the.

- vertical portien of the'forms. We may’ d1v1de the process

again 1nto the same three dlstlnct stepe descrlbed in

'Flgure 4—34 We may notlce that the_thlckness Qf the

material at x = o, when the sheet first'reaches the'radius
r=£/2 at time t = tl is the same as in the prev10us case
given in BEg. 4-~8, onlv that w here is- no lonqer con51dered
a functlon of position only, but also varies wlth time. We
know then that* | .
Wk -

MARCR U 7Sl

From the incompressibility condition, at'time (t, + dat),

the new thlckness {w + aw) is coustralned to the follow1ng

relatlon.

The thickness of the two newly formed small vertical ele-

.ments of 1ength dx and the thlckness of the curved materlal

will be ‘the same, as shown in Flgure 4= 8.,

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

“the tension Ux#o-actlng during time dt_ln the element ax

and-the'tension_o acting in the curved material are the same




Figure 4-8. Beginning of the Second,Forming Steo.__
and are given by expressioni
=p/2w (4-21)

Using now the stress—straln rate relatlonshlp glven ln.

Eg. 4-5, we can predict that both the two small vertlcal
eléments dx and the curved material are stralned the same B
amount df in the small'time'interval dt' Repeatlng thls

argument 1ndef1n1tely, ‘we can conclude that any small vertl—

cal element-durlng-the second formlng step-has-been stretched',_

'the same amount ‘as any element in the free half cyllnder.
-_Therefore, at the end of the second step, ‘the thlokness of

the material w*_ls uniform and is given by:

i . _ I -;,. :
w* =w /(3 -1 + 20/%) - _..{4 221.
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_ For.the third step; from.the forée;balahce and'fhezétress-_

-straln rate relatlonshlp, we can see that both the curved

~ and vert1cal materlal would have unlform thlckness as shown

‘in Flgure 4 -9, For thlS reason, u31ng the 1ncompre531b111ty
.crlterlon agalh, the followmng relatlon results for tlmes t .

and t-dt.

Figure 4-9Q_ Third Forming Step 

(ﬂ.% + Her)w| = wdx + [w( ) + H-xlw| ;-  . - (4-23)
ERE - ) . _ t+dt -

From geometry considerations we can write:
H-r = X and  dx = -dr :-_5' - (4-24)

For convenlence,_let us also call the length of the free o

-materlal in one. 31de Sy then we have that- S o
s = mer (/2= L (4-25)

_and
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as = (1/2-Var . (4-26)

sion

ds  _ d(ws)

T o W - e

f - 1)8
or
Ll o
{s/s*) ﬁ:z-l = (ws/ws*)
Solving for w/w*, we_oﬁtain- |
w/wk = (s/s*f(4nn)/(“_2) - (4-29)

'where's*'and w* correspbnd 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 4+ (5~ 1)2/2 ) | . (4-30)

‘I‘he..final expressidn_ then for the thickness '.o'f'the_"-

material not touching the die is

&_1 L
W

Yo .-(_121 -1+ %_l_—l_) SH¥ (/2

s. . U-m/i-2)
vz S

where the quantities H, £, and w_ are constant for a given

o]

forming process.

_Replacing]dx in (23) we obtain thé following:exprese'

| (4-28)




way between pIOJECtLODS in the wire relnforced cores had a

.'1mportant argument that can be brought up in the 11ght of
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.It.is interesting to see that the restraihed“”
stretchlng, as studled in the prev1ous sectlon, presented
a cr1t1ca1 thlnnlng 51tuatlon if the f1na1 radius in the -

_thlrd step was very small, However, the formulatlon for
thls free stretchlng problem 1nd1cates that thlnnlng will®

- not be greatly affected if the flnal radlus is very small..
The obv1ous explanation for the contrast 1s that in the

free stretchlng there is plenty.of materlal avallable ‘that

is'equally strained until the final shapetis_ohtaihed;_but_:"

in the restricted thihning this is not;the case. . It should

also be recognized that since the vertical and curved

| material isﬁstretched'all the time inathe:free forming, -

the metal that is formed first in the v1c1nity of the w1re'."

will be thlnner than the mater1a1 close to the top of the
projections in the restrlcted formlng. Thls observatlon

explalns now why the mater1a1 close to the wires and half- 3

tendency to th1n down more than the mater1a1 at the end of

the wires, close to the-progectlons. Thls phenomenon was

obvserved when the metal sheet was very thln 0.075mm (.003 ih),-'

and the pro;ectlons were high and very close.' AhOther

'Eq. 4-31 is the need for a well. lubrlcated dle with very-_

_good surface flnlsh 1f one 1s 1nterested in allow1ng the -

Imaterlal to flow more freely and thereby allow1ng it to

_posses.a-more ‘uniform flnal,thlckness-.-
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3-D Symmetrlc Formlng

- The analysrs of materlal flow as a sheet 1s formed
into a general shape shell appears to be-a rather complex

- problem.. In fact, as diSplaeements are Iarge, the bound—.

aries of the formed pieces are irregular in generad and the
thlckness of the material does not change unlformly, there
is no analytlcal means to determine the path that each B
materlal pOlnt ‘follows during the plastlc deformatlon pro— :
cess; consequently. the thlnnlng of the sheet cannot be"
tpredicted easlly.
_ the tendency for the material tofflow, afgood.start_in the.
'anaiysis could be'toIStudy what happens to a sheet‘as.itf
is formed under tension into a surface of revolﬁtioh shell.
In such a case, one may be able to redﬁce the.cohplexity'of
the analy51s and still galn some 1n51ght on the most general
case. Let us con31der a 01rcu1ar metalllc sheet that 1s )
clamped at ‘the edges and is deformed under the action of a
. truncated cone punch, as indicated in Flgure 4 .10 where the '
_1n1t1al and flnal position of the sheet are represented.
- As the forming progresses, at a t1me t, the sheet
may take the shape indicated in Flgure 4- 9, where the

mater1a1 is con51dered to behave llke a membrane and to be E

under superplastlc conditions. The'balance of forces 1n'the!

free body diagram of the small element shownfin Figure 4-11b

gives: -

But as our lnterest-lles in characterizing'
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[::“‘“'lNiTIAL POSITION OF PUNCH

 TRUNCATED CONE PUNCH |
v _"—-*——ﬂFINAL POS!TION OF puncu ,*f

CLAMPING nEVICE][j7'

. wtx,t) :

Inltlal and Flnal P091tion of Punch

‘Figure 4-10.
: o in 3 D Symmetrlc Stretching. -

\\\\ r///:"'
BN H///»\Q

g+ E—

(a} Intermedlate Deformatlon Stage. _1: “

- Figure 4-11.
_ _ (b) Free Body Diagram -~

' (a) : :' _ ' [b):_'
Figure 4-12. Deformation During Forming.

~ Element from Tlme = 0 to Time = t+dt.

‘_(5) .::;; if;ﬂ '

(a) Change in Position of a Small Element as:-f-.;
Time 4t ElapseSJ (b) Path Followed by the . =~

TR
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| 2m(R-x) o (cosa)wu-21 (R -x-dx) {0+ do) (w+dw)cosa = 0 (4-32) .

'Eliminating the differentials of higher order, we obtain:

(R-x)A(ow) + owd(R-%) =0 (4-33)

.which has a solution:

(_Rof}d ow = kl E ...-(4__,34.)

‘where k7'does not change with x. but is e fuﬁctioh of time o

ki(t). Replac1ng o4 u51ng the stress- straln rate relatlon—

ship, Eg. (4-34) can be written as follow3°

(RmkE™ w = Kyl (403

¥

Let us concentrate our attentlon now in the change 1n lengthf

and p031t10n of - the element 1ndlcated in Flgure 4~ 12b, as

an increment of t;me_dt elapses. Cous;der.that at tlme_t'_”

4

" the length of the element -is ds as shown in Fighre 4~12" A

imaterlal p01nt A with coordlnates x, s at tlme t w111 ad?
vance to a new position of coordlnates x+, s+, at tlme |
.t+dt. Let us call w and w+ the average thlckness_of_the.
element sheWn in Figure 4—12 at times t aﬁd't4dt'resbec— -
'tively. Neglectlng terms of higher order, ‘the 1ncompres-

'51b111ty condition requlres that

2n(R-x)wds = 28(R-x")w ds'  ~ ° (4-36)
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U . TR S
where X , w , ‘and ds can be written as:

X =X+'§"_E'dt
w+ = wtdw = w + Eﬂ at

‘The variables ds and w are alse releted to”the true strain-

in the longitudinal and transversal direction as shown

below
ds _ ds -ds - R o ATy
o -1+ -fag‘“.-_l + de | - (4.3?)
and- | o
w -ﬁ+—w SR I
E e 1+ 55— =1+ dw/w 1 ’ff”“'_~._’.'(4‘38’

where ‘the quantltles de.and dw/w represent d1fferent1a1
fchange of the true straln 1n the longltudlnal and transverse_

-_dlrectlon that ocour to- the: small element of length ds |

; durlng the elapsed tlme dt. |

Ellmlnatlng terms of hlgher order, Eq. 4 36 can be

written as.

at L4 ;t

or
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) &

€ ff[fo__]gfw .1 ._(4-40J

~ Combining now Eq. 4-40 with Eq. 4-35, we obtain a relation

between x, w and t as follows. :

ax/ot _ a@/atih
R-X w

(Rbﬂx)kw [

It is interesting to evaiﬁate thé influenCe'of?thé terms

appearing iq Eq. 4 41 from a practlcal v1ewp01nt con31der1ng

' typical dimensions._ In that order, 1t can be sa:.d that |
since the value of w 1s 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 §~ aw/at at some dlstance away from punch bottom.' In:_

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

expression:

(Ro-xa'kw'(&/m“' = ki(tﬁ N (4-_4”2) -

where ﬂegatj‘_ve'.sign. Qf w has been eliminated and by wis

meant aw/at].

Let us study the smgnlflcance of thlS equatlon when

two materlal points of initial coordlnates xl and Xy (x1<x2) S

ﬁare considered. For this case Eq. 4—42 reduces to

(4-43)




As Wy and w2 are equal at the beglnnlng of the process, it

1mposed above that at tlme t = 0 wszl P l _ Repeatlng thlS
: aréument for every lncrement of tlme and assuming that the
ratio {R xl)/(R x2) does not vary much w1th tlme, Eq. 4- 43

indicates that the tendency for the materlal away from the

olamplng device to thln down faster than at the_outer bound-

ary is more'pronounced as time increeses.".

Although the case’ presented here refers to a.sheet-
that 1s stretched by the action of a punch as 1t moves down,
the analys15 should remain- roughly valld for when 'a case as _
.deplcted in Flgure 4-13 is analyzed, in whlch not only
ten51le load but also normal pressure could be applled to

the sheet.

DOWN MOTION

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

_ In ‘the llght of Eq. 4-43, it is interestlng to observe
that the flnal thlckness dlstrlbutlon of the surface of

' revolut10n_shell is not greatly affected by the downward

63

can be deduced from Eq. 4 43 and from the COndlthD xl < x2f."
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| speed of the'punch in Figﬁre 4-11. In fact, Eq. 4 43 can

always be written in the follOWlng manner: .

_ Ro Xl

-\

ﬁhere,dw 'ahd"dﬁ ‘are the*ehanée in thickness at locaﬁionsif:'
xi and X, during time dt. Followlng the hlstory of the

o thlckness reduction at the two locatlons Whlch 1n1t1ally

may have been % (0), Xy {(0), admlttlng that the ratlo B

(R -xl)/(R xz} does not cnange 31gn1flcantly, we can see |

from Eq. 4-44 that from the beglnnlng of the process, the
ratio (dwz/dwl) will be essentlally the same for corre-:V 

'spondlng time 1ncrements._

e

A 51m11ar argument can be 1ntr0duced in reference to -
~thickness varlatlons ‘at two different 1ocat10ns, if we .

‘rewrite Eq. 4-42 in the following form:

. : 1/m
1/me1 [k, (£)] at

(Ro—x) x

Con31der1ng small varlatlon of (R -x) and 1ntegrat1ng

IEq. 4 45, we obtain:

l/m F (t) - Fy(0)

o 1l/m
m{w™/ ™ = dx)lfﬁklfm
0

. where Fi(ﬁ) is a time function characterized by the'bunch:ef5'

“*’1/“’2’ R T

dw = T Jl/m :(454§yfi

- 0ot = ey SRR

[
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speed sheet material, and forminé temperature,oas can be
-anthlpated from Eq. 4 35 where we can see the nature of kl
: from the stress straln rate relatLOnshlp. o

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

two locations xr and__-_x2 aS'follows:

It can be inferred”from this equation that'variations
of the punch speed should not apprec1ably affect the materlal

redistribution in the flnal_form.' A practlcal consequence -

of this fortunate phenomenon'is'that we can afford hlgher_"'

strain rates to increase production levels without affecting

negatively the permissible thickness varietions in the parts.

From Eq;'4-4? we perhaps can also study the signifi—.
cance of the strain sensitivity'factor“m_over'the material-

redistribution. Let us assume that we have twolsheets 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'xé; after both-

sheets_have reduced.their thicknesses.et_aoparticular loca-
tion of coordinate x; < xz_to the seme_value wl.} Fot_con—n

venience, let us define the following quantities:'

= 2 o (acan
l/n_ R0 xl . o : o
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| .‘Ro‘xz?/(Ro"*l"=-3_<51__'.

w,/W, =B >1 .

I
L
o
-

wo/lwy =

- We can write.now Eq. 4-47 égl
c(1-pt/Myal/m o/ gl/my o (aeqs)
where y' and m are the-dependeht.aﬁd ihdepéndeht.variébles

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

we have
.-1/m 1ln A 1/my 1/m 1n B 'If" 1/m in'z..':
A == (1-™7) + B (— - 1)~y }dm
m® S opé at/m e
 (4-48)

=y gy

Knowihg the limitations of A, B, ¥ 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”analySié

is that higher the strain rate'sensitiVity_factor'm, the

more uniform the thickness distribﬁtion_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 have previously




‘shown that materiai_redistfibutioﬁ i§ Basically independent
of time, therefore; we can sefely iﬁcteese'éttain-fete'ahd'
reduce the formihg time. But as theHStrein_rateidepends oﬁ'_
' the applied_external_pressure; oﬁr.ioteteet 1iesoin deter-
mining how the time to form a part.is.effeoted bf the
applied preSsure p- Let'ustconsidertthe.manufECtﬁre of.two
identical parts.from:same stock matetiel of equai thicknees
(wi = wz), as the metalllc superplastlc sheets are subjected_
to pressures pl and Py [pl > bzl ' Let us focus the atten— =
tlon at correspondlng material poxnts in both parts and
_study the flow pattern whlch should be the same for corre-.
sponding times tl and t2 in whlch the materlal is equally
"_strained and under stfesses - and o,. -The stress—straln

rate relationship can be written as:
(0,/6,) =:[(del/dtlj/dez/dtz)]m__ . '(4j49)

Since both pieces were strained the eane'amount dé = dez
during the corresponding time dtl and dtz, Eq. 4—49 can -be.

'reduced to:

de. = at

l/m o
1 2

" But, since the geometry of a dlfferentlal element
'is the same for both cases, as 1llustrated 1n Flgure 4- 14

the 1nterna1 stress o is. related to the external load p as

'_follows.l
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_ " Replacing (cl/dzi'in'Eq. 4=501éhd integreting;_we
finally obtain - - | UV
(By/p) M= tp/ty o (4-52)

For the case of Zn-22A1 Wthh has a straln rate sen-—
sitivity factor of m 0-48, Eq. 4—52 seems to lndlcate that
if the forming pressure 15 doubled the forming tlme 1s'

1reduced to 1/4, as it has been observed by:Flelds [391.

Figure 4-14, Small Equal Elements Subjected to Different
' o - External Pressures p, > pz.-“ _

In.a ptoduction situation, hoﬁevei,?a'maximﬂmlpres;f"
sure will be llmlted by the size of the equlpment and
clamping forces. - This brings up the second-problem of
interest which is.to find the time Vs thlckness relatlon—

Shlp when the applled pressure stays constant but the
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thickness of the stock changes. In that case, for corre-

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

_ balance_of corresponding sectiohs dAl and dAzlés shown in
Pigure 4-15 indicates that dry = dF
~areas da, and da, are related to bl and o, by:

dF, = da,0; = dsiwlol.= dF2_=-ﬁ52w202 o -(4—53)_

Since the small arc length dsl'and d52 are equal because the_.

forms are identical, Eq. 4-53 can be 51mp11f1ed as:

LI

'.where_wl-and.wz_are the_instantaheous'sheef thickness and

w, (0), w,(0) are the initial thicknesées.' combining Eq. 54

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

w0k 1M =, (aess)

In terms of the.Zn-ZZAl properties,'since 1/m = 2;.Eq, 4-55

lmplles that if the thickness is doubled, the formlng tlme-:’"

is increased by a factor of 4.

In an effort to relate Eq. 4-43 to a practlcal s1tua—:

tlon, the forming example 111ustrated in Flgure 4 15 1s pre-
sented at this point. The material close to poznt A in
Figure_4—13_shou1d:exper1ence the_largest_change 1n_th1ck4“'

' ness, as suggested by Eq. 4-43 and failure may ocour at'a'  ':

region lese to A before the sheet has a chance to take the'ﬁs

5 “The cross sectional =

wé/wl = 6,/9, ___=' wy(0)fwy (0) - (4-B4)
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final configuratiOn One way to avoid sheet failute should
- be then by puttlng a small radlus at the top of the formlng :
die as . 1nd1cated in Figure 4- 15, so that the mater1a1 sub—:

jected to the hlghest strain rate 1n the formlng process

comes to rest the fastest,and, from frlctlon con51derat10ns,'3

no further significant straining is possxble.

W

_;_(b):t

FPigure 4-15. Formlng Around a Pro;ectlon -
. (a) Failure May Occur at the Sharp Corner;
(b} Rounding the Corner for a Successful
Formlng. :

. *RO‘UND-ED CORNER




- Sandwich Stress ZAnalysis

The main object of this analy51s is to.eéemlne tﬁe
relatlve 1mportance of the core mechanlcal propertles ln
the performance of a sandw1ch stxucture con51dered_a3_a'
oompoeite.meterial. 'Relations befweeo eaudWioh”deflection.
and sandwich propertles w1ll be developed, such that as a

-sandw1ch is subjected to external loadlng, crlterla to pre-~

dlCt the core propertles can be advanced. These predlctlonS-'

Wwill be related to the results of the standard testlng
methods described earller._“ o

- | The analysls comprises deformaﬁion“Oflpanele under
bendlng and buckllng, edge W1se 31mply supported beams, pre—'
diction of effectlve elastlc modulus in the flatwlse dlrec-
tlon and edgew15e_d1rectlon, effect;ve core shear modulus,-

and shear strength.

Sandwich Bendinglgnd Buoklinngehavior
|  The strees analysis preeenféd here'corresponds to the.

case of a 51mply supported sandw1ch panel w1th very thln

facing. The structure is subjected to edgew1se load per unlt e

widthfiix and unlform load per unlt-area q normal to the plane
of thelplate, aslshown'in Figure 4*16. The coudltlon of
"very thin facxng 1mplles the follow1ng assumptions-'

(1) Stresses in the 2 dlrectlon in the facmng can be

'neglected

(2) deal bending stiffness of the feoing is-
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-'negligible.

(3) The dimensions d'and'c of theﬁéandwiéh,_as'given .

in Flgure 4~16, can be lnterchanged.

Iin addltlon, it is also assumed that (a) the deflec-_”

tions are small, {b) the faces are 1sotrop1c, and (c) the -
sandw1ch core is much less Stlff than the faces._
The shearing strain can be wrltten following Allen

[15] as:

T2X

Lo = @M g e

 where w is the displacement in the d_irec_tioh perpendic__niar'
to the sandwich palne'xy}tsee-Figure_4—16;-:The gquantity A
will vary between +1 for completely rigid cores and zero for

completely flexible cores.

Figure'4~16. Deflection w(x.y);of a'Loaded Sandwich'Panel; |

The dlsplacement u in the. x—dlrectlon for a p01nt at

a dlstance Z. from the neutral axls 1s_-"'

w=-ad® L (e

ox
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In a similar manner, the shear strain'vgy'in the zy plane  |

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

as

It
_——

o

l .
': .
g

|

ey 3y sy

"
|
.
|

Yo = miE o (4-59)

. The strain.fxy in the xy plane_is relétéd td_u'and-v by

Replading'u and.v.above from Eq.=4-57 énd Eq;_4459,

SN2 o e .
= = yy 8w e
Yy = TEOMW g (4-60)
As the sandwich is simply supported, the disPlaceﬁeht w can.
be expressed as a sine series [16], i.e., _5 
w= % £ a sio®X g DT . (461)
n=l m=1 ™0 a b _ :

-where a is thellength of the plate along the xfaiis and b is

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

1 rrny 1

b ]

RN

o qIJ'iﬁ

7_

1 .
g
PN
| X

Figuré.4el7. Simply Supporfedlséndwich-Plate Loaded Edge-

wise and Normal to the Facing3-_-
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It will be noticed that the assumed displacement w
satlsfles the zero boundary condltlon
Let us call the strain energy of the core and the

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

the system can be wrltten, follow1ng references [2] and [3].-.

,E =.U+Y.§ Uc + U

where U represents the - total straln energy of the system and

V the potentlal energy of the loads. Using the deflnltlon'%5°

of straln energy, and replac1ng the strains as functionsuof

W, prov;ded that the effective core shear modulus is negllgl-; :

ble, 1‘e., condition (c} is satlsfled, U, can be expressed
following Allen [15] as:
a b
u_=6,37 s

c c

(-2 @2+ (1—1)2(3"‘) ldy ax az

(4 63)

where d is c+t, as shown in Figure 4-17, Gc ie the'effective*

core shear modulus, and y and A are inherent characteristic

of the_cbre that indicate how rigid islthe'coretihjthe'ytend.'

X direction under shear.
"In a 51m11ar manner, the faces straln energy Uf_cenf3

be computed accordlng to Allen [15] as:

etV wen
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2. a b

U = Ep —=E o ; 102kt ? v wPetuay®? 4
- (4-64)
20 a2 1mvg | | | |
v 22 G (a 2 faxay) 2)ax. dy
- X 9y “

where ve and Eg are the Poisson's ratio and Young's modulus ”“_“ w

for the face material.

. The potentiai energy v ef tne Systeﬁ:ﬁhenuthe'plate

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

a tensile load per unit length N 1n,the x_dlrectlon asj
 ';nd1cated in Flgure 4—17, is given-byaAllen-[ISJ as
- \ i : -ﬁ a b. ' . ab S L
V= V4, = 35 ;o0 ( dy ax - I [ wg dy dx - (4-65)
: o o - oo o : -

e For W, ae:given in Eq;.(é—si)} to be tnelsolutien fdffthe f
plate dlsplacement it is required that the total. energy of_:'
the system (U + V} be statlonary with respect to any of the -
: unknown coeff1c1ents A’ A, and u.- That 1s,

UV _ A{U+V) _ a(U+V)
A BETY) = Toa

O e

-_Putting_U and V-as fuﬁdtions-ofvw inlEq.;(4—66);ethe

following expressioneis.obtained:'

e 2 .2 . 2 _
3 (U+V) _ T a Y] ' m: D _
9 a = (G4 4 b. 1408 + Nx1T 4 af)--amn _ﬁ2 mn 0

mn
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where @ and p are given by -: . R S fi: 

a=n’2 4+ o (s-e8)
p = —=& E;c = (4-69)
2(1-vHep” o e

- E and v here are the elastlc modulus and 901sson s
ratio of the fac1ngs.-

Let us assume now that there is an 1nterest in

-predictlng the-behav1or of the plate-when 1oaded<as in "

edgewise 31mply sypported campress;ve tests.' For that

partlcular case, there 15 no nOrmal load q, and the condi—

tion for Eq. (4- 67) to be satlsfled is that the GOefficient
. of a is zero. This condltlon.determlnes the value qf Nx,e
'_,the force per unit length to preduce atplate'failufe_iﬁ the__

_(m,'n)th mode,_aé-folloﬁs

= EQ 2 et  (4=T70)
N =3 @ e (4=70)

From equation (4;68)'and (4-70) it maﬁ be inferfed_thatefor_"

any given m, the smallest value of N ls Obtainéd-When'h is

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

-'wzné

“ka é.fgﬁf Kl o |  .. ~_(4f71);t.~

where
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#'(mb/a'+'a)mbl2
+pi{mb/a)*+1]

- {4~72)

and Dz is the flexural rigidity oflthe eandwich,"defined'as

D =_Etac/(1—v2)}"_' B {a=73)
'Scrut1n121ng the 1ndependent varlables that are involved in
'Eq. 4~72 and Eq 4-73, 1t is. lnterestlng to notlce that the )
. maximum compre331ve load N-- before buckllng takes.place 1s :
related 1n a complex manner- to the geometrlc factor a/b, to
the core. helght <, elastlc modulus and thlckness of the-:d_
facing, and to the shear modulus of rlgidlty G of the core._
For the edgewise compre391on test the values of D2
b, a, and p will be known in every case; therefore, ‘the
minimum load N that can be applled to the sandw1ch struc—l;;t
ture before buckllng occurs may be predlcted u31ng Eq.-
_(4 71) . ThlS minimum load should correspond 1n general to
either the flrst, the second or thlrd fallure mode [48]
o :The value'D2 for the:conventlonal honeycombf for all:
' praCtical purpoaes, depends eetirely on'the characterisitcs_a.
'of the facing-materials; however, that;may aot be the case |
_ for.the wire reihforced'honeyComb - Ihﬁfact; as mentioneda :
in- prev1ous chapters, thlS new core'may be 51gn1f1cant1y
| more rigid than the conventlonal ones and 1t may be bonded

to thinner fa-ces. When no edge_wlse load: (Nx

-

0) :|.s.
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applied, but only a constant load q normal to the plate:"

plane, Bq. (4 67) is reduced to

' a(U+v)
aamn:

. or

Lo Leap? (1e0y

- : 1 (for n, “7?dd’”f:7_af (4—75)

T mn Dzﬂ.

where agaln p and 2 take the values as glVen by Eq. (4469)*'

and (4 68) respectively. To flnd the stresses in the core

and faces,-the strains. are determined flrst as a functlon -

of w, as indicated below ':

m
I

o = 3u/3x = -Az 3%w/3x’

3v/ax

"

l .
|

Ty = 3 3 = mEOewausemey

- Then, using the stress strain relationship and solﬁing.for
the stresses, we obtain:

' B B

2(1-v )(Ex+”€y)_='

Qo
]

) B o o FE
G e (e 4vel) . o (a=TT)
Xy Gny

-T
|

I 1358 %mn T o3 D bt

-az o%w/ay? T (4=76)

P R
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replacrng the values of ex, Ey

expression for the stresses on the plate fac1ngs is glven o

: 1n terms of w as follows-

o, = +E a8 5 (2 5 +"’d2W
| 2(1-v9) ax° oy
o, = +E—2 ¥ 3¥ o (g-78)
Y C2(1-vT) ay* axt
- _  Edx 3w

xy, 2(L%v) 3xdy

1 .

where o - 8= eI

Slnce w will be a known functlon because the -

coefficients amh will be determined as functlons of q,-then_
~the set'of equations given in 4-78 represents the solut;oni_'

for the facing stresses for the prescribed uniform nbrmalr_*-”

“load.

As in the prev1ous case, 1t can be seen from Eq.-4—75hv

that the deflectlon w and consequently ‘the strains and. the

stresses 1n the sandwich are llnked through p and Q to the -

‘core dlmen51ons, pr0pert1es and thlckness of the fac1ngs,

-and to the core modulus of rlgldlty G .

It is p0551b1e through this kind of analysrs to_:.l_.j

'determine the core shear modulus lf a test is performed e'

'where the deflectlon or the straln is measured at c0nven1ent.'

locations and the approx1mate solutlon for w is taken as

and Yxy in Eq. 4—77;'a finai_f”"




" proposed in Eq.” 4-61, andISoiuiioﬂmfor a . is taken from

Eq. 4-75.

The_Core.YOUhgfe Modulus -

The conventional strees”anaiyeis-forﬁa eehdwich-
'structure neglects the contrlbutlon that the core may haﬁe
in carrying ten511e 1oad in the Xy sandw1ch plane. ThlS
.crlterlon 1mp11es that the effectlve core Young s Modulus

'Ec is negllglble_compared to tpe facing modulus, as illus—

‘trated in Figure 4#18,.but:for the wiré'reinforced'sahdwich .

core, it'may not he_reaeohable_to assume that Ee_<< Eg. for

all cases. In fact, since this new core ‘is rigid'by itself;_.'

some. appllcatlons may required the use of a core Wlth very

thin fac:l.ngs, or even just the core alone. Consequently, :

:

it is appropr;ate to consider an effectlve core Young s
' Modulus Whlch 13 a functlon of the core geometry and core

and wire materlal properties.

E_ << Ef

 Figure 4-18. Sandwich Under the Action of a Tensile Load.

80
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As theiwires'are fifmly émbedded in the'core,_fOr'_:'
: the purpose of estlmatlng E w1thout embarklng upon ‘a com-
plex analy51s thCh 1mplies the study of the mater1a1

':behav1or at the 1nterface,'1t w111 be con31dered that both

P .3_sheet forms and the wire are subjected to the same dlsplace-
'ment. Inasmuch, as the object of the ana1y51s lS to predlct

an average modulus E along" prescrlbed dlrectlons and as the

i facing restricts the dlsplacement of the core,.renderlng it
_more unlform, it w111 be assumed that plane sectlons in thez'
core perpendlcular to the sandw1ch plane remaln plane after
an elastic deformatlon. The' core con51dered in this
_analy513 comprlses two sheets pressure or vacuum formed and
bonded together as 111ustrated in Flgure 4-19. The flrst.

\l .

SECOND SHEET HEATED AND READY TO FORM
WIRE MESH
-

/‘*\/*’\f—\/*\

TWO SHEETS ADHESIVE JOINED
___OR HEAT WELDED |

Figure 4-19. Wire.Reinforced Core.ga
' (a) Core in Process;
- (b} Finished Product. .




sheet is formed without thedwireeiand“the eecond'ohe.hae_
the embedded Wires in. . Both sheets are bonded together )
geither by an adheSive or by heat welding._:; | .i

- From the stated conditions, it is expected that the

i 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 lS oriented ini-'

Various:directions. Three basic orientations can be_distin-i'

guished, nameiy-'.(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'

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

-Case a: .Ey;. To determine Ey the 1oad is appliedr
'perpendicular to one of the wire directions, as shown in -~
Figure 4-20a. | |

From'the assumption that planee remain planes'andx.:r
considering that the flow of material during the forming.i
uprocess 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 14 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 thie

mathematical_model.

82
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Figure 4-20.
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©

- Different Modes of.Loading in the xy-P1éﬁé.'
" (a) Loading Perpendicular to One Set of Wires
‘(b) ‘Loading Along the Dlrectlon of a Set of -

Wires
(¢} Loading Along a General Dlrectlon at an
Angle a. N o
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Let us consider a portion of a sandwich core and its.

corresponding mathematical model es'shown in_Figure 4é2l;”'

\. | / wire
R '
)=[) \ 4307
e \ A ..
Y K RN
—_— ' -
/’ \\ X .

Figure 4-21. Loadlng a Core in the y-Direction,

(a) ‘Portion of a Sandwich Core Made by Elther |
Pressure or Vacuum Forming; (b) Sandwich Core -

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 ldceted in'the projections axis 6f -
symmetry. As the uniform load NX is applled the 901nts B
and C are d:l.splaced in respect to A in the x and y d:Lrec.t:Lons
- the dlstances u and V. |

The resultant strains in the sheets in the yaaﬁd x
'direc#iOn'are: | | | | o o

e, =W Y o m79)

Ex.=-=‘m". S ¢ £ N
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where 2 repreaenté the distanée between projectionS'
The load F that can be carrled by the two sheets in h S

“a strlp of w1dth CB =_z would be

CFg =2t e B =2t s Eg ._“(4 81}
where t_ is the'thiCkhess of dne'éheet-and E is the elastlc B
modulus of the sheet; The load F in ‘the dlrectlon Yy that
_can be carrled by the tWO wires . that -are embedded in the =~

' strlp bounded by C and B is

o SR L S .._;:_
 FW . 2 EW .cos 30 Aw . . _(4 82)

: rﬂp:

where E_ is the wire modulus, A% is the increase in length
of each wire and A_ is the wire cross sectional area.

But from Figure 4-21, AL 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.

We obtain,

u=v v/2 cos‘30°_.' : o -'(4-84)j7
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Thefefore,'Eq._4—83 can now be written in.terms of v only

as
AL = v (cos 30° - % tah30°) e ;;::Jo; (4f85) :

Referring back to_Eq; 4—82;'Fﬁ can be.written-asf_

= 'cds‘30° . o'o'_ v. N .b S ';. \
F, _ZEW-Y R i (0?8730. 3 ton ) ..(4 86),

S

where A is the wire cross $ectional area. The total F -
‘carried by thé Sheet’and the wiré ‘can now be estimated as

e Bs g 698300 o 0 - ¥ ean 306]
F . [2 t + ZEwAW’ : (cos 30 3 tan 30 13

o cos 30° 2

(4 87) -
Both the force F and the straln EY computed in the -
above manner for the mathematlcal model correspond to the'
'F and ey of the real sandw1ch core. However, the corre- -
spondence between stress and strain for the real core is
given-ﬁy
where EY is'defined as the effective'core elastic modulus,__
F is the force given by the expression in Eq. 4e87fahd G

c
. is computed_on'the basis of the cross sectional area Aciof

the core. strip which is

A = gh T (a-89)
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where h is the height of theteoreJﬁtoﬁections;_ Replaciﬁgt
'_now:the values of.cc_and gy in-Eq.'4f88;fthe final e#pree—
~sion for Ey:isfobtaineﬁ' . | e

B, = [2E, + 2E Tt cos” 30° (cos 30°.—.§ tan}O?)I(4f901-
The.natere of this eQuetien in&icates that EY 40e9~e'
| ﬁot?oniy depend on the material properties Bgr EW,_end 0,.

- but it is'also azfunction.ef the cross sectional areas
ratlo.A /£t whlch determlnes the wire to ‘sheet welght

'ratlo, and a functlon of h whlch determlnes the core den51ty._

Case b: fEx. In thls case the load is applled 1n_.

the dlrectlon parallel to one of the ‘wires as shown 1nle_
'Flgure 4-22, and we w1sh to determlne the effectlve Young s:'

modulus of the core in the dlrectlon of the applled 1oad

e

AT

T

‘Figure 4-22. (a) Sandwich Core Loaded in a Direction
: Parallel to One of the Wires; (b} Inltlal
and Final Orlentatlon of the Wires. :
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Again,'consider a cofe strip-bounded:by A énd-ﬁEprdje¢tionS,
loaded with a force Fx and been Straiﬁed.the ambunt ¢£-556 '
ey As the wire arrangemeﬁt éénnoﬁ prevgﬁt_any_éhgét- : 
deformation in the'y'direCtiéﬁ,fey'cép“be;éStimétéd_as v €y
Under theése dircumstances, ﬁhé:1oadacarfied35y'£he |
wire QC is Fy % ewaﬁﬁ‘ "The'éﬁraih in thé.wires BD andJﬁA-

Ciss

Sin'30°)/£:

CoNle

Qey 31n_60?_+ ;x

C TS O

and the force carried by each of these two wires is

CFp=RA e B, o (49l

The total force Fx in the x-directiOﬁ i§'giVen bY :'.-
Fx=_Fl+ 2F'2

cos 60° + A e E; - (4-92)

where A_ is the solid cross sectional area of two sheets, -

108.p.
.As = z{? 2t, ;    5- aI __(4f93)

Defining now the core elastic modulus in the x direction as -
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-where Aélis'the cross sedfional'eree”of the strip of width.

' AD, the following expression is-Obtainedf-

. ewaEw + ZAwex (l v)E cos 60 + A e E
x - hi/ﬁ e
or
E, = —= d-w2 E, [1 +_--‘/% (1-v)) + —WQ E, o (4-94)
_ 4/§h9, . S

where dw is d1ameter of the wire or relnforclng flber.

Case c: B. To determlne the modulus E at an angle_f

o from one of the relnfor01ng flber orlentatlon, 1t is

necessary to assume that the ‘core is loaded w1th a. force ﬁf

' Fl, applied in the d;rectlon a. The correspondlng stresses__:"

O)r Oy = 0, and Typ = 0 that are develpped, as well as ¢

cy,_and Txy are shown in Figure 4-23.

Calling o, O, and T the equivalent stresses:f'

Y Xy

generated in the element as it is oriented like in Figure

4-23b, the following expression-resulté-from the Mohx's

 ecircle [49].

'x'




Figure_4—23.' Stress State Diagram.:

(a) Stress State in the Dlrectlons l and 2,_

(b) Equivalent xy Stress State.

2 . .2 " o
cos oo + g, sin"a - 21_,.. S1lng COSQ-

°1 7 % " % Xy

'ﬁ' = {0 ; o] sin2a'+ g coéza;+'21. ~sina cosd":
2 x Y Xy

.. =0=0 sinancosﬁ —.o sina cosa -+:T (éosza‘¥ siﬁzéf .
12 7 0 T Oy SIROGOSE T 9y 8 Tlxy OB O T AT

it is found from this SQt of equatiohs that
oy —_cy/51n a = ox/cog-q

T.. . = ¢._sing cosa/~sin“a
Xy 54 . : .

In the same way the transformed strains ¢

-be wrltten as

2 2 s
€ €E cos g + ¢ Sln o - S1lng cosa
1T B TR T Ey T Yxy THROC

2

. m
B

S Lo | 2. .2
212 st_51na coso .Zgy sina cosa f Y y (cos a-sin’ a)

.90:.

;(4-95)_j  

17 v and Ypp can

2 éx sin“a + ey cosza'+;y xy sina cqsd o “1(4;95)f
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. and Yxf are related to_dx,ﬂoy and.f

‘.n 3 .
The stra:x s ;x';e Xy

Y
by the Hooke's Law in the following manner.

B

ex = E, - yxy oy/Ey L
°y ='UY/FY'" vyxlx/Ex

Xy | 'xy
. Replacing these Valdesﬂin'Eq. 4-96, a final‘expres_

sion for E, is found [49]

o } L (4-97)
. _x N SR
, '_.1. cos a—(Ex/Ey)sin a+(Ey/ny)$i? acos a—(vxy/g)sinlga  

where.ny.is the core sheér modulus aé_if the édfe ﬁere  
loadéd'edgewisg in shear only and Vyy co;fespo@dsjt6 the';f
Pdiséon's'ratiQ€ | |
which iszé§pfoxim§tely equal to v, as previ§usiy.notéd;in}.
Case'a;f Equation 4—9?.fﬁrhi$hes the:relafion of the core  .
.modulus_Ei in the direcfion a és a_fuhctiQn of thg_édre ..
ﬁoduius E, and_Ei which'havé been_gsfimateq pievibusly.aﬁd
_ny'which_Can also be-prediétééjin a similar maqner_as B,
andlEy as.an elément;flike the one-shbwhainzFig@ré 4424 is_.

loaded in pure shear. The assumption couid'bé made'tﬁat' 




92

the only'wire'that_can carry any load is DC as the point D

is displaced to D'. At the_samettime_? moves to P' and the;

assumption is made that PP' = DD'.

-Figure 4-24. Displeoement'Model to Predict_ny'

Core Shear Modulus

The shear modulus is probably the mostﬁimportant

property of a sandw1ch core. A very 1ow.ﬁodu1us causes ‘the

core to have very large deformations and the whole concept |
of haV1ng a 1ow welght structure Wlth h1gh 1nert1a moment
1s lost, for the 51mp1e reason that the faclngs tend tO-r-“
behave like two 1ndependent members.; In.that cese; the
flexural rlgldlty D of the composlte structure as presented |
1n Eq. 4- 73 has no meanlng. Instead, the faclngs deform

~ with respect to their own neutral axis.

' The shear modulus 1s experlmentally determlned u31ng_“

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

by applYing_a load in tension or in compression. .The“core_
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is bonded directly €6 12.5mm thick 'stéél"'pla'tes'.* -
, The applled force F has a. shear and a normal com— o

ponent Wthh are given by

L Fg = F_Cosa.=.Fa/(a +c )1/2 H.?hhhhi”(4f§8)7-

LOABING PLATE

Figure 4~-25. Core Under Shear.'__ e
. - (a)- Compress;on Shear Test, (b) Tensile »
Shear Test. . C o

‘The structure as a whole has no applled external moments.'.".
The relatlve dlsplacement of the shear plates can be

'exclu51ve1y consmdered due tO'FS. As the core is flrmly.
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bonded to heaVY steel plates. 1t is feasonable to assume;-"

that the dlsplacement v{h) in the d1rect10n of F of the-;_:

- top of ‘each projection (see Flgure 4-26Db) respect to the.r"?

bottom Wlll be unlform for the . entlre spe01men

@it

UNDEFORMED

(a?:___ .."..' ._ . (b)j'_ S | ']tc)er

Figure 4-26. Core Geometry

{a) Wire Reinforced Core, (b) Loaded Progeca’_{.'

_tlon, {¢) Cross Section A-A.

- Also, due to the symmetry of the applied forces;”the 1oading.

plates can be expected to remain parallel. The considera-

tions justify the assumptioh that’each projection is
sub]ected to the same . load srtuatlon, namely pure shear.'f-
The average shear t' in a cross section Such as A-A,

'Figure_4~26c,

LTt = F /AN = £./3 o (I_'4—99'__);_

where A is the cross section area/progectlon at a helght

x, N is the total number of pro;ectlons in. the plr:tte.r and :
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£s.iS'the shear-fOrce projection. . The shear strain is

'given by

where G"corresPonds to the shear modulus of the core -

materlal.- Let us now deflne the core shear modulus [1], c*_.

as

" where t is
T = Fs/coreaarea = F /ab £ /A

- where A, = ab/N 1s the area 1n the sandw1ch plane per-'

pro:ectlon and the: average shear straln Y 15 glven by

Y = vicl/c = v(h}/h.. T (a-102)
where ¢ is the thickness of the core, as shown in Figure:_'f
4-17 and h is the height of the projections es_shoﬁn_in__:
FPigure 4-26b. The displacement v in ﬁhe'y'direetion is -
‘related to y'-as follows

dvix)/dx = y°* o

or

h F h

v = f yax =g & e

G'N ° A
K - o
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To proceed any further, it is neCesSafﬁ.to formulate'a_
relation between X and A(x).  The Varlable A(x) proves to:

be a functlon of the metal formlng parameters, such-as

pressure p, strain rate sensitivity faotor m, and-prdjection:

shape. However, if both_the,projection.shape:and height h, -

the sheet thlckness t ~and the core matefial are:known,'asd

well as the formlng condltlons, it is p0531b1e to. determlne o

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

-could be written as A(x) for a glven t and h, therefore,_

"v(h) in Eq. 4-103 beCOmes a known quantlty and G can be :

) determined from Eq. 4-101. _ _ _
| As G is directly related to A(x), 1t is of 1nterest -
‘to find out the best A(x) function to maximize G_ for a o

glven materlal and core den31ty. Considerlng the w1re : . 'fﬂ.d".

relnforced-cere, let us- assume a flxed pro;ectlon helght h,;

same stock thlckness t and a constant amount of undeformed';
N materlal at the'top of eachtprOJect;on. Under these condi-

tiens, and considering Eq. 4-101 and Eq. 4—103,.the problemti-

of finding an optimum G, reduces to minimize the functional

b :

gy =5 %
5 -
subjeCt.to'the-constraint:'
. B T
p =/ Adx= (Aoto-aoto)_ o e

: where-vp is the volume of deformed material peraprojection;3-

werm




A t 1s ‘the total volume of materlal per pro;ectlon, and

A t 15 the undeformed materlal.

U51ng the Lagrange multlpller A, the extremlzatlon ;y
of the . functlonal JI[A]) is equlvalent to. flndlng a statlonary
value for the funct10na1 ;-_-'l T -

AL = g" "

o o o)

~ Buler's equation for thezstationerYICOnditidn of J'[A,l]”is B

‘3A (K XA) =2 f-l —_q S ,(4_;@5)
or : : '. A = )\_’1/2 = cc)nstanft'-_.

and from the constraint condition, A becomes

-V, o w08y
: p/h T T ( : ?

Even if it ‘might be impractical to generate the =
optimum area; Eq.. 4é106ﬁis quite ehliéhtening for a practi-'

‘cal consideration because now a given-projection shape'Can

be selected as a flrSt approxlmatlon and dependlng on the_:f.; 

_mater1a1 dlstrlbutlon Eq. 4-106 prov1des the necessary

information to modify the projection so that a better area

‘digtribution 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,e a o

+ A/ adx  (4-104)

I aaraauth el
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given separatlon between progectlons ll, as 111ustrated in
Flgure 4—26, and let us assume that the pro:ectlons are

_arranged in a hexagon pattern and have such shape that an

optlmum G - can be obtalned. Under these condltlons, Ao is -

- known and the cross sectlonal area A of the deformed L

_ materlal reduces to

(A -A')t /h .. ....-.(4_107). | ;

o "ol o
-where.
Cwpapias
and
L S g - o
L - -
Bo " T /L
" As the integration in Eq. 4-103 is executed, v(h)
becomes . L | . o
. v{h) =

‘T h

and

G =2l (410w
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It is 1nteresting to analyze the 31gn1flcance of the terms
in this final equatlon. The expre351on t /h is equlvalent.
to p_/p where'p and P are the core and solid materlal
densities. "The term G' is the shear modulus of the solld S
. materlal and (l—A /A ) is the useful mater1al per unlt |
_Welght of the core that is subjected to the shear stress T.
The rest of-the-materral,_the Qne_dlstributed on the.top
fiand-bcttom.cf projections maysbe considered ineffective

under shear.. . -

Significence'of'éore Meccenical”rrqéertie53 H
it is'specielly meaningful from the ecOnemicststaﬁd;“
point and also from that of good'design practice for:us'tce”
study the load carrying capacity of sandwich beams uhder_;"
_different load modes in terms of the core properties. 'Legt'
us assﬁﬁe that there exists a coﬁposite strﬁctural sandwich '.
fixed geometrlcal dlmensions £, &z h, a, b and that we w1sh;ef"

to assess the sandw1ch behaV1or in terms of core mechanlcal_-

propertles whlch would be the remalnlng 1ndependent varlables._f;“'

‘Let us commence our ana1y51s w1th the case of a 51mp1y
supported beam subjected to a distrlbuted load q(x), as =

| indicated in Flgure 4-27,

._Uslng the ordinary beem.beeding theory;f£he'ﬁaximﬁm:l

bending moment is related to the facing stress cf“as'

¢=p % w9
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'-f.:l(x.) |

Figure 4-27. Simply Supported"Sandwich Beam

where'Ef is elastlc modulus of the fac1ng and D is the_  “
sandwich flexural rlgldlty given by |

o L | .  _3
D = Ef bg 4+ B btd - be

The flrst and thlrd terms of Eq. 4 110 add only 1ess_q”

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

and

In such case, Eq.,4—109'éanﬁbe.wfitten”as
O = 2 3 o - (4-113)
Eg bt d /2 o o

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

£72 +Ec~——12_ﬁ' (4-110)

et H@a?s00 0 @an
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| long as the géometriEal charectefisties_of.the:éendwieh are g
'kept constant, core basic prope:ties'are irrelevant in tﬁe'-e
determination of the_meximum load that can'be'carried by a = -

.simply supported Sandwich'beam. :However,'in}order=tebretaing:e

'-validity‘of-Eq; 4-110, the beam theory'reqUires_thht the .

sandwich exhibit one neﬁtral-axis only which is common to

both core and facing. For this reason,efhe.adhesive_must

possess’ good Sheer strength to maintain the whole sandwich =

_\as.one single body with no-Sliding at the facing core inter-

face. _
1f the failure mode is shearlng of the core, the f'

governing. critical relatlon is

_ QZCSEJ'
- Db

where Q is the shear 10ad,_s=isithe first moment of area.

‘respect to the neutral axis, and g-is the-elastie medulusn =

for each area. The evaluation of I(SE) at-a'distence:z from _e

the neutral axis is given by

oL w Bt L L b e _sen e
ESE = Ey 5~ + B, 3 (5-2) (E.fz )_. Coi _(4_-11_5)
If the condltlon in Eq. 4-112 is met, the only 51gn1f1cant

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

the core glven 1n Eq. 4 114 would be 51mpllfied to an approx-—

imately constant value for the whole cross section equal to  f

= Q/bd ”. f-:'”e: _' : (4—116{.

(4-114) .
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From equlllbrlum con51derations, as shown 1n Flgure 4 23,_

K

we have that

g = -am/ax fl-“_1;5*f-'ff14—1175”

q(x)-

a
.M;Q}] _l )M+dM

_ | Q+dQ
Tax”

Figure 4-28. Equilibrium Diagram.

Assumlng two beams of equal geometry loaded in simllar R

~manner such that at any location x we have.

qlﬁx)l= kqé‘*"j} e N _ 1(4-119) }

“where k is a constant factor, then the respective failure_z.

_conditions are relatedtby;

- s _ ! o
ry/Ty) = 9/, = -
where'tl‘ahd'ré are the ‘shear strength of the two cores.

Thls 1nd1cates that 1f the fallure mode of a beam is one: of f

shearlng of the core; the total load that can be carrled by
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a simply supported beam in any given loadlog fashlon 1sﬂff
directly proportlonal to the shear strength.

Continuing with the ana1y5ls concernlng the 51gn1f1~lf
cance of the core mechanlcal propertles in a sandwzch, 1t |
has been shown previously that for 51mply supported plate .T

_edgewmse loaded, as shown in Flgure 4- 29 the maxlmum force

per unit length ‘that the_plate_can support ls_,p']:

Ne= D7k Unl20)
where D, is the'fiexurallrigiditY,Of the'sanGWioh, which iSt
approximately equal to [15] |

Etd2/2(1—vf2), o _"-,Ip-'_:.i_ '(44121{

i

'Dz

and

ky = (b/a + a/m) Y/ 4pmBaten ] (4-122)

and

p =" Eftd/Z(; veleps . R (4-123)

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
(19,) 1’/u~r,;>2__= (Lo 0 /(o)) w20 :

where F = mzhz/a2 + 1.
Equatlons 4-123 and 4—124 111ustrate that the effect_r
.of the shear modulus of rlgldlty of ‘the core in the force
ratio becomes more signlficant when weak cores are compared; '
For that case the force ratio approaches the ‘modulus ratlo,'*
but 1t cones closer to unity when stronger cores are compared;:
However,_the buckllng of the faces may not be the |

failure*crlterra for the-Smely supported sandw1ch, as comgf--

pression failure'of'the'facing may happen first at smaller-_el o

ioads} The core strength in the edgew1se dlrectlon plays
a role under these C1rcumstances, but this is of m1nor "Hf.-
1mportanct in practice because the 1oading capaclty is much
" higher for the'facing than for the core. " | o

It has. been determlned so far that the characterlstlcs o
of the core, namely shear modulus, shear. strength elastlc ﬂ
-modulus, do not always make a 31gn1f1cant contrlbutlon-to-jf
the loading'capacity of the sandwich. The 51gn1f1cance fﬁ
_depends upon the type of loading and the boundary condltlons .
of the structure. ‘Whenever ‘the core characteristlcs are a .

immaterial, the most fortunate choice is the least expensive:i 5




.'corestr Hoﬁever;'the internal stfeeees ah& the'feeisting |
bendlng moments that are developed upon loadlng are not
always the governlng factors for the selectlon of a glven :.
' sandwich. The maximum deflection at selected 1ocatlon 13-“'“ﬁ
at tlmes the principal de51gn criterion. There Wlll be a
correlatlon between the core mechan1ca1 propertles and the
sandwich deflection. The deflectlon can be thought as the

- combined result of a facing reslstlng bendlng moment and
the shear stress applied at the core. Let_us now consxder:
an example that iliustrates.thefdefieotioh'mecheniémfand the .
relevance of the core properties: a 51mp1y supported beam |
" that is loaded axlally by a force P and a dlstrlbuted load

- g{x), as shown in Flgure 4-30.

o (a)t'i'
ax) . da |

=g
i [t
g
A 4
b
2

|

Figure 4-30. (a) Simply Supported Beam; Yb) Unloaded;
: (¢} Loaded. T
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A portion.of a sandwich as'it.appeare wﬁeh ﬁot 1oaded_is-L
presented in Figure 4-30. Figure 4—30e_shows'hom a material
plane abcde takes a new pOSition'a“b“cfd“d“'aftef'deforma— |
tion. | | . o |

| It ie noteWorthy to obeerve'thet.this new-sumfaoe_f'
does not coincide w1th the corre5pond1ng plane a b' 'd'e
whlch would be the p051t10n to be assumed by the plane
abcde if the core were 1n£1n1tely rlgldl

The sheaf strain y of the core is represented”in' _

Figure 4-30c by the angle b"c'd’. If the angle oc'b“'is "
' 1dent1cal by. A\dw/dx, where oc' is in a vertlcal positlon,:'

the shear strain can be written as

y = (iflldw/dx_ ';1; _'_;;f. (4;ié55.

| Undef-the.assumption that tﬁere.is.no.leteral mOVe-.
ment of the p01nt ¢ in the neutral axls, the dlsplacement
u in the x direction of a p01nt a dlstance z from the neu-
tral axis can be put in terme_of %, dw/dx, and:z. Furthere.
‘more, if for a givemeloading situetionuah-apofoximate.'i |
dlsplacement functlon W can be antlcipated, both the -
approximate strain energy of the beam U and the potentlal
energy V of the 1oad can be computed.

If a load q is selected such.thEt:

L"

q=q sinnr X, (4126




en'approximate solution for w could be inen as

w = a_ sin nw
“n T T

(ot

whlch satlsfles the boundary condltlons of w(L) ='w(0) = 0.:ife

The strain energy ‘of the beam U is stored’ 1n the. form of
straln energy due to core shearing, strain energy due-to '

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

extent, straln energy due to rotation of the fac;ng around _ 
"its own axls. From the standard formulatlon that relates

'displacement to straln, stress-straln to energy, and straln

to stress, 1t can be shown that U is a known functlon of k

and a . Slmllarly, the potentlal energy of the loads 1s:~'.

seen to be a function of an-and can be estlmated as [15] ' -  o

"L L

- £ amva- B @l e

o . o]

' As the equilibrium state correéponds to the conditiongthat_'
the total enexrgy (U+V) iSvminimum; the following'expressions:

~resu1t__

3(U+V) 7

Ba _% 0 . : 'o-.'i-rjl(4—129) 

a{u+vy
3% =0

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

" following 1s obtained:
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(4-127)




. los

y=-fen?/aseen®d 0 we13n
where
£ =.EE'E;.¢'E _'(4;132) '
.L Gc; ¢ ' .

‘and extending the above analysis, essentialiy due to Allen -

'[15];fan'can be written as:

a = _ 9 i (am133)
2 2 Z z .2 -
n? T i Lo L (5 4 Eop)
LT LT 1+n 3 _ 3a .

From the Eqs.'4;131, 4-132 and 4-125 it can be seén.éhat.as .
the core'moduius'Gé increases, X increaéeé'&hd?the strain

:Of the core is reduced. _The effect of the sheér_modulus Gc]
on the deflecfibn of the begm can;also'be app:eéiated ffom. 5 .”-

Eq. 4-133 and 4-127. 1In the absence of lateral load (p = 0),.

the expréssion in Eq. 4-133 can be approximated;for low

modulus cores as

a4, .

S on 2 .t
{==)" Eb ¢
This equation suggests that the deflection of the beam -

w =a_ sin nm Z can be considered as w = (a'_ + a“ ) ‘sin

L n

L

nt X where the first coefficient a' is a dependent variable
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of the sandw1ch d1mensmons but. 1ndependent of the core

propertles. On the other hand, the second term a“n 1ncludes

the quant;ty £ Wthh is a functlon of the core shear modulus.f
As any loading g canaalways be interpreted as a comblnatlon;

‘of terms q = Iq  sin nr ¥, the displacement w iﬁ'geoeral can |

be written as -

w=w o+ w"
where w" reflects the oore-properties-and'w' is independenf.
of such properties. If attention. is 11m1ted to the deflec- '

tion of one point, the critiecal one, a llSt of values w"'

and w" can be complled in a tabulated form as’

PLC

2

+ k L
> h6 b

' 3
= L "= .-..—-PL -
W=w _+.w _kb )

where the coefficients ky, and_ks-are_determined'according 3

to the nature of the load [48].




CHAPTER V
EXPERIMENTAL PROCEDURES AND RESULTS

" The wire feinforced_hbneycdmb (WRH) as a structural f

component in the sandwich construction has been considered

in Chapter IV. References to general shapé'ahdnappeafance' f"

of the elements that form the WRH have been illustrated in

Chapter I. Thefequipment.and instrumentatioh'fof-the'making _

"~ and testing of the WRH has already been discussed in Chapter

III. This chapter starts-by_taking-oh.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'resu1ts concefﬁing :

‘the compression shear test, tension shear teSts;_bending_:f

testsIr buckling_test; and the four edges simp1y supported ;_f'

buckling test are présented here.

'_Seeking a suitable process to join the vacuum forﬁed "
poiystyrepe shee£s together, heat'welding wgs:examined.3'nué
to the qua1ity of this bond, the adheéive5saving and tﬁé "'

- short operational time, heat welding appéaréd_to'be very -

'proﬁisinng'Certain'aépécts'othhis'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
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as the sheet thickness distribution efter forming_ae'e o

function of 1o¢ation.

The Plastic Wire Reinforced Honeycomb_~'

The WRH can be made from.either superplasticnmetal ]

or polymerlc materlals. The constructlon of ‘the WRH usxng

ngh Impact Polystyrene sheets is explalned below. The

_ process can be reduced to the follow1ng step5°- (1)”cuttingﬁo

the sheets to size, (2) surface preparatlon, (35 vacuum or .
preSSure forming, (4} bondlng semlcore sheets and w1res, |

(5) cutting excess material, (6) bondlnq the semxcore to

the facings or to the loading plates,'and (7) bondlng the o

semicores together to make a sandw1ch. o :

) ' The cores were made from.polystyrene.sheets O.sﬁm;b_
0.75mm, and 1.00mm thick (0.020in, 0.030 in, and 0.040 in).
The 120cm x 240cm sheets“were out into 40cﬁ x 35cm tlﬁ.in.

% 14 in. ) rectangular pieces which were 1ater cleaned B

either with isopropyl alcohol or allphatlc naphtha 50 thatrf

they were oil and dust free. BroPer conditloning of_the o

surfaces proved to.be;very important for[a:good_bOnd..rTo-

‘ make a semicore (two formed sheets'plﬁs wire}, one Of the .
cleaned pieces”ie placed in the.steelrhoiding frame of the
vacuum formlng machlne. The polystyrene:is brbﬁght-to'the-

| formlng temperature between 176 °C (350 °F) and\193 °C -
(380 °F), as it is kept at a dlstance of about 15cm (6 in. )a“

 away from_the-heatlng coil -for some-tlme, between 45 and 80




;seconds,_depénding on the sheet's”thiCkness.f;The_héatihgﬁ

time proved'to be a very important control'parameter'in'};:,-':”

the reductlon of the nunber of flaws durlng the formlng .

operation, as illustrated in Flgure 5—1.”E

AVERAGE FLAWS PER FORM -

MATERIAL: HIGH IHPACT POLYSTYRENE
"~ THICKNESS: 0.75 mm -

VFigure

5-1. .

40 s0 .60 70)1'ff.-'801f:"“

t,_sec.

Number of Flaws per Vacuum Formed Sheet as a_ﬁﬁ

Functlon of Heatlng Tlme.




113

" Once the sheet is heated up.tovthé]co?rgét temperéé,
tufe, vacuum?forming.wili take place, as.illuétrated.in' |
Figure 3-1, Chapter III. Some Of“the:exéess material.is-__
removed from the'first formed sheet,'so_thaﬁ'a.wiré:mesh;

can be élécedIOn-top of the ford, as shoﬁﬁ'schematically'iﬁ  'h

Figure 542;

SECOND SHEET 17 BE VACUUM FORMED ] |

g
ADHESIVE CIF NECESSARY)—". i

? ST VACUUI FORNED SHEET o
WIRE FIRST SHi ET-——__q

-Figure 5-2. Core Forming. s
: (a) First Sheet is Vacuum Formed,-
(b} Second Sheet With or Without
Adhesive is Ready to be Formed.

.The preiiminary forms Wefe made using 0.125mm (0.005 in;i:
pléin carbon steel wires; but the idea wés.dropped:in_favéf: 
of.Kevlar 49 wﬁich'has a tensile strength of 1.3 MPa
(500,000 1b/1n ), about twice the ten311e strength of the

| - steel w1res.. As the Kevlar comes in a yarn,llt lies
essentially flat on top of the projections and”the-height o
of all the webs will be approximatély.the'sahé.lzThé | |

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 easmly cut, however, the diameter of ;

‘the fiber, 0.3mm, was such that webs were formed at three

different levels. _Once the-wlre mesh is prepared,'a gerieS'r

of lmm holes; one every'3b cm?

first form to ensure proper air evatuation 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_

1f an adequate adhesive 1s sprayed on both sheets, as

,111ustrated in Flgure 5-2b. The,adhe91ve 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 eatisfactory; Keeping industrial produotion _”“

in mind, several attempts to heat weld the sheets during the:_-

'second vacuurt forming operation were made, however, the

vacuum forming machlne did not prove to have the capabillty -

to malntaln the first form SufflclentIY'hOt w1thout lts_f'_

losing shape.

Still another attempt to heat weld the two plastlc e

sheets w1th the Kevlar embedded was made but only ‘after
vacuum forming. In this case the sheets Were;formed with
no adhesive}_they were plaoed.in the”furneoe'for-a'total of
6 minutes. for'the first two minUtes the sheete.were'

heated inside the die which was kept at 176 °C (350 °F).

The two sheets were then brought into intimate contact as a .

of core, is punched in the




pressure of 138 KPa (20 p51) was applled to the upper sur-e?

face of the forms.: The semicores bonded in thls way proved ”i-

to have-superior mechan1ca1 propertles.than the-adhe51vely

bonded ones, however, as shown in Appendlx C, some of theseiu

‘semicores had mlnor defects, in that the second-sheet was SR

not touching completely the first one at certaln locatlons.

-They were thus not heat'welded properly. In fact, the

 second forms were mahy times_reptured by the air pressure .

in the vicinitylof a flaw. Thus the hot'air'escapedlcon-l'

tinuously, and the two sheets were separated and cooled down f'f

to a temperature below the heat weldlng range. For thls _3_535

reason it was felt that the sheets should be brought 1nto

‘intimate contact not\by air pressure but by applylng a force

F at the bottom of the semicore. Thls, 1t was also felt

- mlght take place as the. components are placed between the B

formlng die and the heat weldlng flxture,'as.lllustrated

in Flgure 5—3.

Dependlng on the test to be carrled out, the semi- -

cores were bonded to 0.3mm {(0.012 in ) 2024 T3 alumlnum

- alloy sheet or to a Gmm steel plate. -The surface of both:'~
the plastic and metals were prepared as specifled in the'f~’

-Appendlx-D, follow1ng reference [20].

To complete the specimens, two sets of semicore-
faeing-or.semicore—lOading'plate were'bonded together, as .

schematically shown in Figure 5-4.

-Modified.epoxy (1), toluene (2), and room temperatureip
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HEAT WELDING
-~ SEiICo®R
10

MEAT WELDING
FIXTURE -

Figure 5-3. Heat Welding Steps. I R ;
(2} Heat Welding a Semicore; (b) Heat Welding

Figure 5-4. Core Bdnding.l . : _
. (a) Final Bonding of a Sandwich Specimen;
(b) Preparation of Core for Shear Testing.

(S
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curlng epoxy {3) were trled for the 1ast bondlng operatlon, . fi[gﬁ

follow1ng 1ndustr1a1 recommendatlons and reference [20]

The curing of . the first adhesive, however, could not be fully_-’

attalned because'of the polystyrene cores would-have-been

dlStOItEd by the end of the process, if a minimam temperaturei ::.a

_of 280 °F for 20 minutes as recommended for the curing would '

have been used._ Toluene, the second adhesive, was_very '

-:_con?enient to work with; however; as it had a liquid consis- - o

tency and -as the mating surfaces were not fully parallel
only a small percentage of the area was bOnded The thlrd

adhesxve prov1ded a good degree of flling, 1t was quite '7'”

rigid with good cohe31on, but was very fraglle and gave poor :

adhesion.
Heat welding may .be used to bond two semlcores “f“fy-

together u31ng the fixture 111ustrated schematlcally in-

Figure 5-3b. Th1s technlque may prove to be rather conve-'f;-"'

nient and'may be of commer01a1 value. The semicores would

be placed on the fixture,'inside the furnace at a temperature[

- of 176 °C (3%0 °F). A force F would be applled by the_jff;j"""

furnace power screw. The welding should take place in a [ifﬁ

: few.seconds'[Zl].

The Zn—22A1 Wire Reinforced Honeyeomb (WRH}n

The metallic WRH were made from eutect01d superplastlc.7'

_'zn—22A1 sheets having a thlckness of elther 0. 075mm (0 0031n)-

or 0.125mm, and an average size of 15cm X 20em. The sheets




118

were cleaned with aliphatic naphtha and with acetone ahd"

dried out in the furnace. A flrst sheet is preheated for

5 minutes at 265 °C (520 °F) ‘and then pressure formed, as
'descrlbed in Chapter III in the sectlon descrlblng the

Pressure Formlng Furnace The tlme for the formlng process =~

to reach completlon was a functlon of .the applled pressure p-V

as 111ustrated in Flgure 5-5.

e _ | R . 'u' | .
R . _ Material:- Zn 22 Al o
! \\ - Sheet Thlckness 0. 075 mm -
I N - (0.003 in) |
. N I Forming Temperature 270 C (520°F)
. 60¢ : \ 0O
v : _ T o .
3 N
. BN
; N
- \ "
= 40 ~N :
b _
& ~ _ |
2 N o
£ ~ 0o e
2 - R
~— _ gg
20 . ~ 8
*_Eg. 2 e
_ _ (KPa) . B | .
1.1 1.4 1.7 2:0' o 2:3 2;6
16 20 24 28 32 36
| | (psi) |
Pressure

" Figure 5-5. Formlng Time vs. Applled Pressure in ‘Core

Forming.
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As the first sheet is'fOrmed and removedifrom7the“

1

die, . the wire mesh

on top of the first form.

furnace for 10 minn
forming temperature
epoxy’ AFEPOXY 1, 0|

Second sheet to'be

h-furnace, the evacua

S is placed on top o

back 1n-the furnace
second sheet is hea
between 30-50 psi.
somewhat longer'tha
lation.given'in App
sheet has a larger

furnace temperature

sive is fully cured

of the semicores we
plates with AFEPOXY

adhesive used in sa

were treated to remove only the 011 from the bOnding surface,

-as it 1s the standard practlce.

the adhe51ve wettin
with the same soluti

details of the Zn-2

is woven on the d1e boundary frame and:

The frame is agaln put in the:f"

tes so that it is brought_back to the__l-b .

. In the meantime, a film of modified

07 5mm: th;ck, 1s made to adhere to the

formed. As the d1e is removed from the'
tlng holes are punched, the second sheet
‘the wire mesh and the hot d1e is put 3Tf
in an average tlme-of two mlnutes. The
ted for 5 mlnutes and pressure formed '
The formatlon of the second sheet takes
n the flrst one, as 1nd1cated 1n the tabu—
endix C. This occurs since the second |
thickness reductlon.' The'comblnatlon'of.
andlforming:timedis such'that'the:adheét.
at the end of the forming processt :
re bonded to the facrngs or to the ioadlng
2 whlch 1s a conventlonal structural

ndWlCh constructlon._.Some of the cores'

g action, some cores were etched sllghtly

ion used for the faclngs.. Further :g

1
]

\
ER .

28l sandwich core preparations_are given .

Some

In an attempt to improve fr.b:'




The Shear Test

The shear test is a basic requlrement in character-

"iziné the behavior of a llght wemght structure, as the shear',_i-;

strength and the . modulus of rlgldlty G of the core may be
11m1t1ng factors in a partloular loadlng 31tuatlon.- The':
relevant features of the loadlng apparatus were reported in

Chapter IIT and 111ustratlons of the apparatus appear in o

Figures 3-8 and 3-9. Both polystyrene and_Zn~22A1 coresu

were _te_Ste_d un‘der shear . ‘Tensile and _cdmpressive loading e

testiﬁé‘were conducted. o ) . '_ i ..._ ..
Figure 5~6 represents the'behavioriof the'High lmpaot *l

Polystyrene core subjected to shear under the ‘action of a o

ten51le load.  The sheets were 0. 508mm (0. 020 in. } thlck,

and they were bonded with Spray Adhes1ve 7 durlng the vacuumls'-fe;

”forming process. Adhesive AFEPOXY 2, cured for 10 minutesf'h'a

at 138 °C (280 °F) was used to bond the’ core to itself and o

to the loading plates. After seVeral attempts, it was

- determined that lo'minutes was the longest pos91b1e tlme
a3the adhe31ve could be cured w1thout 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 ¢m (3 5 in. x5, 5 in. ) The fallure mode of the

speC1men was cohe31Ve fallure of the AFEPOXY 2 adhesive at

the core—loadlng plate 1nterface.: There was a considerable iﬁ*;f

amount of slldlng at the bonded areas and some slidihg'at

the grips. ConS1der1ng that there are four sheets per oore,
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- shear strength in (1b/1n2) to den31ty in (lbs/ft ) is about
Asupportlng hlgher loads.

" toluene and -again AFEPOXY 2, at 138 °C. (280 °F)tana'a-1o_:~"'

minute cure, was used for bonding the loading plates. to the -

S1220

the density of the core can be estimated:as-"'

pemsity = 42£ s
where o is the plastic denSity-- 0.768 gr/cm (6i.2 ib/ft?j:
- t is the sheet thlckness, and | | BT,
¢ is the core helght = 12.7mm (d 5 intl
thus Density = 0. 123 gr/cm® = (9.8 lbs/ft ) L
The apparent shear strength of the core can he taken :

from Figure 5-6 as 700 Kpa (102 1b/:|.n ). and the- ratlo of

10.0; however, since the fallure happened to be in the

adhesive, it .can be inferred that the core is capable of t-h'ff

For the subsequent experlments, the bondlng procedurekr-":

was modified. The semicores were bonded together-w1th

core. The specimens were tested in shear under a compres—f'fy"

sive 1oad and the results are 1llustrated 1n Flgure 5-7.f

"Agaln the adhesive AFEPOXY 2 had a cohe51ve fallure, but at

‘a lower stress level than in the prev1ous cases.' Also, as'

the matlng surfaces of the semlcore were not’ completely

'parallel, only about 15% of the surface was actually bonded

by the toluene. -As a con51stent failure of_the adhes;ve

The cross head veloc1ty was 1. 27 mm/min (0 05 in/min) o
was'taking'place, a decision was made to use room temperature'ﬁi |
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Figure 5-7. Shear Stress vs. ' Shear Straln of Sandwich with-'”

~ WRH Polystyrene Core.

of AFEPOXY 2 at 1oad1ng plates-7fw7
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'curing epoxy to bond the'semicores together and the loading ;

plates. The results are Presented'in‘Figure-S-S.thhe -
crosshead movement was 1;27_mm/min-(0.05 in/min) . The two -~

0.76mn thick sheets that form the semidbre“Were bonded”'

'together not with adhe51ve but by heat weldlng durlng 6-“'

mlnutes_at 176 °C and a pressure of 138 KPa (20_p51) There
is'a marked improvement in both the shear strength and the'_'

rigidity of the core-preﬁared as mentiOned-above, as they“"

‘are compared agalnst the results of the preV1ous experlments.

A tensile shear strength of 1400 KPa (206 lb/ln ) was

obtained.- ThlS represents a shear strength (1b/1n } to
densitylratio (1b/ft ) of 14.0. But once agaln the adhe51Ve_ *"
‘joining the semicores'together failed. However, the heat |

welded semicores exhibit much higher strength than those

bonded with Spray Adhesive 7 with the 51gnif1cant economic

.advantage that no adhes1ve is usea in the manufacturing of R

the core. To further 1mprove.the-mechan1cal_propertles of
the Polystyrene WRH core, in relation to the heat welded

semicore, it is evident that attemptsnshbuld_also_hejmade :

to heat weld the core-core interface. For this reason, a :f'.lT

_d1e has been de31gned and constructlon is 1n progress. The -

ba31c components of this dle are two slotted heat weldlngi

_elements, as 111ustrated in Flgure 5w9, whlch are fastened f_'

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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TOP BASE PLATE

————— .

I0P WELDING ELEMENT

P

UIDING.

L

i

LOTTED HEAT WELDING

ELEMENT -

" LIFTING_ROD

‘Heat Welding Die

Figure 5-9,




brought closer together as the top base plates slide over_'

the guiding.pins; The semicores are kept under . pressure7£or'_df

‘an approPriate t1me by the actlon of the mechan1cal press -

1n31de the furnace The dle 1s removed from the furnace and ,-“-
the semicores are qulckly taken out as steel 11ft1ng rods_'_:i.

_w1th plastlc handles are 1nserted in the base plates. S

Turnlng to the tests concernlng the Zn-22A1 cores,'

. Figure 5-10 illustrates the results of shear test of such a fl

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 applled with a Cross head veloc;ty PR

of 5. ﬁB mm/min (0 2 1n/m1n) The AFEPOXY 2 adheslve had a rfn

cohesxve fallure, and there was a very large sllppage between

the 1oad1nq plates and the semicores, as can be observed ln'

the Figure 5-10. The core did not really fall:_only thex_-.e= :ij
was a sign of plastic deformation at:the lOWer_borderaéflthea;:
oore'and this was due to stress coucentratioﬁ“at“the'verfiii'..
 end of the testlng process. The shear-strenéthuaud.tﬁe.:_; S
modulus of rlgldlty computed,from Figure 5—10 could not be 7f}

very 519n1f1cant because of the excesslve strain at the Iiﬁ7:

bondlng 11nes Whlch is 1rre1evant to the deformatlon of the '

core itself Figures 5-11 and 5~12 represent typical ten511e

shear test curves for the Zn—22Al core and for heat welded

polystyrene cores.
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Heat Weldlng Varlables

In the process of manufacturlng the heat welded
plastlc cores, 1t was necessary to determlne for how long

and at what temperature the semlcores should be heated.' For s

.thls purpose a serles of flat spec1mens about 166mm X - 25 4m o
(6.5 in. x 1 1n.);were heated in the furnace in_a tempera—
ture range between 94 °C_(200r°F)"and 176_°C.(350.5F), at a

, pressnre of 1.4 KPa (20-psi},'for different. time intervals;-:

The spec1mens that were heated between 94 °C and 149 °C dld :
not heat weld even after 20 mlnutes of heatlng.. However,
the spec;mens that were heated at 163 °C and 176 °C were :

bonded in less than two mlnutes. The spec1mens were cleaned

Wlth 1sopropyl alcohol but some were cleaned and

'flntentlonally-coVered with a very thln fllm of oil. 3These o

oily specrmens d1d not bond at all, 1nd1cat1ng qulte clearly
that surface cleanlng for heat weldlng is a mandatory =

requirement. ‘A prellmlnary set of specimens was prepared

.and samples subjected to tens1on testlng.- It Was_seen thata
failure in the cross sectlon_occurred, 1nd1cating'that_the
o pbond was stronger than the base material;'see Fignre:5;13a.j 3
' This_problem ﬁas solﬁed by increasing the;crossfsectional
area of-the specimens and reducing the shear bonding'area,l Lo
.as indicated'in Fiéure 5¥l3b.' The results of the.new:tests:.

_are presented in Flgure 5-14 for 163 °c and in Flgure 5-15

for 176 °C. It was observed in both cases that 1f the hf ‘

specimens were 1eft_too long in the furnace, the.shear
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Figure 5-13. Heat Welded Specmmens. L 3 L .
: {a) Flat Heat Welded Spe01men Hav1ng a Tensile
(b} Shear Failure on the Heat Welded Zone. .
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strength of the bond hadVa tendenéy.td diminish. 'To_LT -

corroborate this phenomenon,'a series of ten911e test o

specimens were prepared 10cm gage length lmm thlck and'

fﬁrnaCe-at-16352C;(325 °F)-for d;fﬁerent tlme'lntervals.

P - dropped c0nt1nuously as a- functlon of heatlng t1melr as .

‘ :111ustrated ln Flgures 5—16 and 5-17. It may be 1nferred

from these tensile tests that the reason why the heat

|

i : weldlng shear strength dropped if the speC1mens were for _5”"'
1 R
i " too long in the furnace may be llnked to material degrada- -

tion effects as a result of annealing.

~ The Four'Point Bending Test

. The behavior'of'a'beam subjected to pure behding~

the L direction. The bending apparatus was. described iﬁ ;

5-18.

N 273mm

Figure 5-18. Four Point Bending Test.

SRRt

'about 12.5mm in Wldth- The spe01mens were heated in the o

\ It was-fdundfthat the tensile-strength the yield pcint,hand :__

~ the modulus of elastic1ty of the high impact polystyrene_'

gives an indication of the elastic modulus of the core in

Chapter III. The load was applied as indicatedfin”Fighreiffl
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The distance “an was’varied'from test to test. The

beams were made by bonding two sandw1ches w1th RTC Epoxy.

Strain gages were mounted: in the central portlon of ‘the t0p

"fac1ng.  The Zn-22A1 cores were bonded to the fac1ng w1th_:

AFEPOXY 2 and plastic cores were bOnded'with'RTC Epoxy.-7The”

Zn—22A1 cores were tested at a cross head veloc1ty of 0 508
mm/mln (0. 02 1n/m1n) .and the plastlc cores were tested at

1.25 mm/min (0. 05 in/min), The 1oad1ng-bars at the top of

the beam were separated a fixed dlstance of 2?3mm (10.75 1n)'
“and each bar was about 44mm (1 75 1n) from the free ends,

'accordlng to ASTM Specrflcatlons. -The beams were 89mm.w1de -
.(3 5 in). To reduce stress coucentratlon, the loadlng bars
‘were covered with a double coated adhe51ve foam, 0 80mm ifr.
thick {1/32 in). Figures 5-19 and 5-20 are the test results.

- for High Impact Polystyrene cores and Zn—ZZAl ‘core respec-

tively. The flexural rigidity D .of the core can be_ -

determlned by . comblnlng Eq. 4-109 and the results in Figures i

“-19 and 5-20. The height ¢ for the Zn-22Al core is Tmm

(.276 in) and for the polystyrene-core 15'12.7mm.' The
faoing thickness_is 0.305mmT(0 012 in) ahd its modulus E is-
-6;9 X 107'KPa (107 PSij | Eg. 4-109 can be wrltten as ;”. |
D= z'ﬁem/ﬁe, where_z_= c + t and AM/A& ‘can’ be taken from'_j”
'Figure-5—19 or 5-20. Computing the value of D,-it is found

- that
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poly 295 N-m™ ;  (19 _lb(ln.?

Using Eq. 4-110, the modulus ECIOf-the cores are

computed as
B (Poly) = 6.89 x 10° ¥pa: (105 1bsind) = ¢
- E (Po y) = 6.89 x 10 :KPa.-(lo 1b/in 1. ot
. E,(2n-22A1) = 4.35 x 10% xpa; (630,000 1b/in®)

The Two Edge Slmply Supported Buckllng Test

The behaVLor of a 51mply supported sandwzch under .

.CompreSSlon, loaded as indicated in Elgure 5-21,_15 a

function of the'modulﬁs of rigidity”of-the”core. Foxr this

'reason, a serles of 11ght beams with a Zn—22Al core were

‘tested under buckling.

_ _E*jﬂjjlillllilIIIJWIIiIIij]ti.;EgJ

_Figure 5-21. Two:Edge Simply Supported Buckling Test.

 The experlmental apparatus was descrlbed 1n Chapter

III.' The Zn—ZZAl sandwich beams were prepared u31ng
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adhesive AFEPOXY 2. To avoid'major stress concentrationa,-d'”'

the loadlng ends of the sandwich were fllled w1th RTC Epoxy

and covered w1th a double coated adhe31ve foam.d One straln

‘gage was mounted on the center of each 31de of the Sandw1ch,.~::
not only to record the deformatlon, but also to help in the
alignment of the sandw1ch, i.e., to even 1oad the faolngs.'t'

The average straln recorded by the two straln gages at the df

beglnnlng of the test may be used to determlned the modulus

of elast1c1ty of the core in the dlrectlon of the 1oad.

The test results are given in Flgure 5-22. The evan dlstfi—- 5
:butlon of the load turned out to be somewhat dlfflcult. “In
| all cases a buckling fallure took place as a result of the jﬂ.

adhe51ve'fa11ure. The maxlmum 1oad P that can be carrled.by

the beam is related to G as follows [15]._

1/P = 1/PE +'1/AG _;_cfdﬁ-' _?fl ;(5-2)§f

‘where P_ is the load that could be carrled by the Sandwlch DR

E
assuming infinite shear modulus and is glven by

2. 2
- - DL 3 a”
Pg =T =3 B bty
_ L : :
‘Also, A in Eq.'sﬂz is gi#en_bf .
= dzb/c

The tests variables have the_following average valuesd-V'
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E, = 6.80 x 10 KPa (107 psi)

£
b =-0;oao m - '(3.5 in)
t=0.0003m  (0.012 in)
@=0.0073m .  (0.288 in)
c=0.007m . (0.276 in)
L=0.1397m (5. 5'in)7
P=13830n - (860 1bs)

Replacing thesé values 1n Eq. 5~2, 1t is found that

- the core shear modulus is:
L L 2
Gc(Zn—ZZAl) = 6?50 KPa, (980 1b/in")

‘The Four Edgelsimply'Supported Buckliug Test _

As the two edge 51mply supported buckllng test proved

£0 be dlfflcult to allgn, whlch is 1n agreement with refer—ﬂf

ence [16], p. 157 lt was thought that a better way to
determlne ‘the core G and E. modulus could be by performlng
the four edge 51mp1y supported test.' The modulus G 1s

related to the maximum compres51ve load N per un1t w1dth,_

as shown in. Eq. 4 -70, and the modulus E can be computed from”'

the force-average straln relation. The sandwiches were ]

_supported on both fac1ngs along two vertlcal_llnes-8.9cm

(3.5 in) apart and along two horizontal lines l4cm (5.5 in) .
apart. They were supported in such a way that they were = = -

free to move in the vertical and horizontal_difection under

‘the sole action of the'compreSSive_load. .The.polystyrene
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cOre was bonded.with toluene at ite mid;plane and bondedfa_
with RTC Epoxy to ‘the facings. Strain gages were mounted

at the_center'of each facing. The lbading-ends were pre-

pared with epoxy and covered with doubleteoeted polyurethane .

foam to reduce stress concentration. The results are given

.in Figure 5-23 for the Zn-22a1 core‘andtianigure'5—24 for |

. the polystyrene. The balance Qf forces in the direction of

the applied load furnishes the relation below from which E_

‘can be computed directly,

E_'P =. AE'(EfAf_ + Ecéc} o _ (5—:':.!)..

where AP and Ae can be taken from the Flgure 5-23 and Flgure

5-24, and Ag and A, are the cross sectlon of the fa01ng, and

the core. Using Eq. 5-3 and considering that the helght-of
the Zn-2231 and the polystyrene cores are 6‘3mm-(0-250.inje

| ) o . : o )
Ec(Zn—ZZAl} = 2.27 x qu K?a;f (330,090_;?/1n }

o = 5 6 o t1is oo ] 2,
Eq(poly) = ,793 x 10~ KPa .(llS.OOQIIb/in“)_ _

The failure mode in all cases was the same. ' The cores were o

‘not affected apparently by-the load, but the fa01ngs appeared

to fail by wrlnkllng which results from a comblned effect
of the compre331b1e load P and the normal stresses actlng
on the fac1ngs as- a reaction by the core. as shown in Flgure

5-25 [15].
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\Facing = - . =

' Figure 5-25. Wrinkling of a Sandwich Testing
Under Compressive Load. L

The relation between P, D, E, is given by AlleﬁlaSj

2 .4

o

Prs _
AR

l’
|

h
o

where '.a =_2ch/(3—uc)(l+vc)

bt3/12

and . D= Ef

However,'conéidering that the aﬁerage_z for the zn—zzgl cQ;e'
was about 18 mm (0.7 in) and for the'poletyrené“core'was ._,_

25.4mm (1.0 in), and taking*the failure loads ineﬁ'in-' S

Figures 5-23 and 5-24, the-values_of'Eﬁ'afe estimated as -

It

| - R A g
Ec(Zn—22Al)~"a3435°°-KPa (5;0Q0 1b/in ) _._;

1l

o L e
Ec(poly) = 28+000 KPa = (4,000 1b/in%)

As these later valueS"of’Ec*aré no where near to the :

- former values which were determined in a direct manner, it

T ='ab/a.--.'.: ” .;,5._:;(5_4)l:_:__

i

A
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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 adhe51ve elther had o
cohe51ve fallure as in the Zn-22A1 cores or adhe51on fallure

as in the polystyrene cores. Under these 01rcumstances, the '

failure crlterlon expressed in Egq. 5-4 does not apply and f:
it can be safely inferred that the WRH cores are. capable of
w1thstand1ng much hlgher loads than what the four edge

51mp1y supported test revealed.

Core Thickness Dlstrlbution

The wire relnforced honeycomb (WRH) ‘core mechanical |
properties are greatly ‘influenced by the way the materlal
flows in a vacuum on pressure forming process. The shape d

of the projections inserted in the die base to form the .

cores, see'Figﬁre 3~2, the prOperties'of the sheets at the: -

forﬁing temperature, the strain rate ahd'the distrihution'

- of the reinforcing wires are all contrlbutlng factors in the_“'f

material flow-process. A flow study for straln rate sensi-
tive materials was presented in Chapter IV, where two

dlstlnctlve problems were consldered° (a)'friction'free d'

"flow around the w1res and (b) restrlcted flow around the
IPIOjECtlonS. Attentlon was called then to the perhaps
" ecritical degree of thlnnlng that may take place at the end

‘of a formlng process 1n a restrlcted flow case, as compared

to the falrly unlform thlckness dlstrlbutlon that 1deally

Lt

b
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s

'happens in a frlctlon—free flow around the w1res. . The .
analysis of the mater1a1 flow in a WRH core is qu1te 1nvolved

‘from a geometrlcal standpolnt, however, the way the mater1a1

is redlstrlbuted in such structures should bear ‘some
resemblance to the theoretical dlstrlbutlon presented in

Chapter IV. For this reason, the thlckness of both ngh

_ Impact Polystyrene and Zn-2231 sheets formed with or W1thout

wires were examined follow1ng different_paths and examlned
according to_the predictions. Strips of'material'aboht_lmm"
wide were cut in all cases,“and'the'stripsrthiokness was

measured at lmm intervals, as shown below.:ﬂPathszl,'z;'z*

' and 3 correspond to sheets formed w1thout w1res,'and paths S

4, 4*, and 5 have the wires embedded. The path 5 correspond

to a core with a square pattern and 13mm hlgh cyllndrlcal

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.?62mm tthk:
(0.030 ini, as they are formed in:the.diefillustrated'in :
Figure 3-~2, having trunoated cone projectlons 6. 25mm high
lnserted. It is 1nterest1ng to observe that the thlckness'.
of the sheets reduces contlnuously from the top of the d1e

to the bottom. This effect is more pronounced 1n the portlon

'of the sheet that is formed agalnst the flat Vertlcal

boundary of the dle, where a critical thlnnlng tends to fl

take place durlng the last stage of the formlng process.

. No change;ln thlckness was observed at_the flat top y .




" g
\n\\ SRS

Path 5§

Figure 5-26. Sevéral'Cross'Sections.of WRH Cores.
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of the pro;ectlons in any of the cases studled however,.f:"
'.the flat bottOms of the forms seemed to have a maximum
thlckness where the materlal flrst touches the dle bottom.-. hh__fii
The thlckness is sllghtly reduced at both sldes of the :
- maximum and the reductlon is more pronounced at the v1c1h1ty -
of the projections. Flgure 5-28 illustrates the thlckness
_dlstrlbutlon of ngh Impact Polystyrene sheets as they are."f
formed w1th ‘a mesh of wires embedded in a trlangular fashion.'.
. Again the material is thicker at the top'of the-projectlons.p:
than at the bottom.. However, it ;i‘.s _intere.st.ih.g. to ohlser_ve :

~ that the}material that drapes around'theiwiresﬂln a frictioh;_"
less flow manner seems'to'be more uniformly distrihdted.”

This effect, perhaps, can be better observed in Flgure 5-29
correspondlng to ngh Impact Polystyrene cores 12. 5mm hlgh
formed around_a.mesh_of wires in a square patterh._ The same o
trendjis again observed in.Figﬁre 5-31, where thefthlckness_ﬁ'
ratio w/ﬁo for Zn~22A1 cores with wlres in altriangular

fashion is presented'

Attention is called to the fact that the flow behaV1or.

- around the conical prOJectlons for the Zn-22A1 sheet with

and without wires embedded seem to be completely the opp051te.;ﬁl
'Thlnnlng tends to occur at the top of the forms w1thout

wires, Flgure 5-30, and at the bottom of the forms w1th

*wires; ?igure-5431' Thls apparently 0pp051ng behaV1or can.

be exploited to control the thlckness at w111. Therefore; it f.

appears possible at least for the Zn—22Al cores, to approach-,?

|




*
.

best configuration for optimum core shear modulus; that is,

a configuration with uniform cross section, as demonstrated

in Chapter IV.

Figure 5-27.  Thickness _Distributidn R'él:tid-w/w" Cin Hligh‘
: : Impact Polystyrene Forms with no Wires. .

]
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- Path 1 |
Path 1 with Wire Embedded

Figure 5-28.

 Thickness Distribution Ratio w/wo of ﬁigh |
Impact Polystyrene in WRH Cores Along Paths
1 and 4*. ' : _— :
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leed_Boundarv

ngh Impact Polystyrendz

Thickness Yy = 0. 38mm (0 015 1n)

Figure 5-29. hlckness Dlstrlbutlon of a ngh Impact
_ Polystyrene Formed in a Square Pattern Wlth
Wires Embedded. : _




Figure 5-30.

‘Thickness Distribuﬁioh'of a Zn—22A1 Sheets .

Pressure Formed with No Wires Embedded.

5.
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wire -

sheet Thickness w, = 0. 09mm (0 0035 1n)

Figure 5-31. Thicknéss'Ratio w/wo Distribution for Zn-22A1.
' : . Sheets Formed with Wires Embedded in a
Trlangular Pattern.




CHAPTER VI &
'ANALYSIS OF DATA AND DISCUSSION -

A preliminary disCusSion of the expefimehtal reSultS'"
has already been introduced 1n the preV1ous chapter 1n an“
effort to point out the relevant characterlstlcs of the’ WRH
cores. Comparison of the results with the_theorethal
predictions and discussion of discrepancies will be presented .

in the current chapter.

._Vacuum Forming Variables

'In'orderuto properly vacuum form theﬂHigh-Impact._

' Polystyrene sheets, it was necessary to find the optimum

value of the forming parameters."The resﬁitsuwere preSented:ﬁ.
in Flgure 5-1, Chapter V. The ev1dence 1ndlcates that for a 
flxed separatlon between the heating 0011 and the sheet, and
a flxed power consumption, the heating tlme is the varlable
to control. It is shown in Figure 5-1 that for a separatlenT
ef 15 cms,'the 0.76 mm thick.polystyrene-Sheets should.be
heated for about 50 seconds for best results. Under these
condltlons the thlckness dlstrlbutlon is qulte unlform, and

it can be inferred that_the material is verY much-straln“rate 3

' sensitive.t If thezheatiﬂg time is-tqb"loan the_materiala

seems to be less strain rate sensitive, the' thickness

distribution is_ve;y,peer and degradatioh_ef;material




s

':lso_e"

properties as well as porosity becomes a'éencern._'On_the

other hand, if the sheet'is not'heated'sufficientlyr Cfecking.

at the most stressed areas may take place, the vacuum can notl“

be sustained, and no formlng is. pOSSlble.-

‘The Pressure Forming Variables

Pressure, forming time, and temperature_are the'mOSt_*;f'
relevant parameters in the forming process from the'economic

' standpoint. Figure 5~5 illﬁStrates the reletiOn:between'

f

forming time and pressure for'a flxed temperature of 270°

and gsheet thlckness of 0.075 mm.; The curve for the Zn-22A1

- alloy seems to confirm the validity of Equation 4—52;-that-1s,

(Pl/Pz 1/m =tt2/tl' .;r_-:i:;;e_ti_(4f52).

=0.58 . (6-1)
which is 20'percent higher than the m'fouﬁd in'the iiterature

[29] It should be p01nted out at this p01nt that as the

superplastlc sheets are very thln, they may be very sen51t1ve

- to temperature variatlons of the fluld applylng the pIESSure.tf-'

This perhaps can account for the Sllght dlfference between
the m'as'reported here'compared'tqwotper velues'found else-

where.

The experimental value for m obtained from FiguretSeSIines_t-_-’f '
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The Shear Test

The object of the shear test.iélfcldetermine Both'ﬁhe' -
shear strength of the core Tmak and the modules of rigidity
'Gc' _ _ . o o _ : .

‘A formulation to predict the value of G, was presented

‘in Chapter IV,

‘+

G, =g ¢’ Ao/Ab)_ R - (4-108)

where t_ is the total thickness of solid material (4w.))

heeded to make the core. Aj and Al are given by -

)

. a4
Ab = ad, "

o
il

(dl__'l' _'ﬂ'l) .‘9;/3/.1_..’. |

For the above quantities, we will take the following values

for the Zn~22A) alloy cores . (see Figure'5-25).-.

w_ = 0.0762 mm (0.003 in)
¢ = 7.0mm . (0.2767im) -
6

- 21 x 10% kPa (4.5 x 20% 1b/in?)

")
!
i

AB/A0_="0'19
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Substituting these values in Eq; 4-108, we obtain:

Sc(zn-22a1) = 1-1 % 107 KPa = 158,000 1b/in™ = . (6-2) =

For~the-cofé variables for fheIPOIYstyrené}3we will

take the foliowing_values§

L3
n

Ho.jez-mm '. :_ {0;036 ini }.'f
. - 12,7 o j'j"";1,5'1557if*f-7f  |
¢ = 5_90,060. KN/mz '.(86,9'0:0' 1b/1n2) -
Ag/#b.='o;19- | |

" and usihg.EQ-'4“1q8'

Gcfpoly)

= 115,000 KPa = (17,000 psi) .~ . = (6-3) .

A similar éxpression can be ascribed to predidﬁfthé shear

strength of the core 1ciapdzcan_be written as

.where'TS represents the shear strength of the solid material,
As is the solid croés section area of the core, and A is

the total area of the core (A = b-L)f_fIf a constant'cross"'.ﬂ' ;
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section A is assumed and considering that the'materiai'
100ated on the flat top and bottom of the core, which amounts o
to 15 percent of the total core materlal, offers 11tt1e -

re51stance to shear, AS can be wrltten,as

Ag T 4085 w)E (6-5)
and
Ty = Ty ————2 . (6-6)

where Yo, is the 1n1t1a1 thlckness of each of the four sheets""
making the core. Using’ the maximum sheax fallure crlterla

for both_zn—ZZAl and polystyrene,.'rS can be estlmated as

Ts(Zn—ZzAl)'=_104f000IKPa.=:15'900 PSi._e_-f_  ‘6-?)
and
Ts(poly) =.2l,000*KPa =:305er31
Then
TC(poly) = 2150 KPa.é (BIQ pe;)




Let ns examine now ‘the results of the shear tests for both

' _ngh Impact Polystyrene (HIP}. and Zn-22Al} cores on’ the 1lght:2
~of the predlcted values-for G and Tc.- Flgure 5 6 91Ves an.r71
'apparent ten511e shear strength of the HIP cores of 700 KPa,lfL
which is only 35 percent of the estlmated value- however,
ethe'fallure occurred at the-core~1oad1ng-p1ate lnterface.: A"

‘substantial relative motion at such 1nterface was recorded

and translated_into a_shear straln' but thlS does not
represent'a'deformationfof theocore 1tse1f.§ ‘This now enplains
why the experimental value fortG' = 15, 000 KPa 1s qulte low o
compared against the estimate glven in Eq. 6- 3.-

The value for the apparent 1o when-the core bond is

made with toluene is 505 KPa (73 psm) and G 1s7ahout

20,000 KPa, see Figure 5-7. Once more both quantltles Te

| and'Gc are reported below expectatlon: however, the fallure

was again a cohesive failure of the adhesi%e.at.the:core-3a

loading.plate'interface. At this point thé trend of the .

experiments indicated that improvement of‘thedadhesive*waS"'”

necessary. In this report, the semicores (two:sheets with e

wires embedded)“were not adhesively bonded’but heat welded_

and RTC epoxy was used for the core-core. and core- 1oad1ng o

plates bond. " The test results, see Flgure 5 8, represent

[

 quite an-improvement. The apparent shear stress T was' '

increased to 1400 KPa

Tefpoly) T 1400 XPa, (206 psi) - (6-9)
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and.

Ge (poly) = 100,000 KN/rnzf (14,509:'335:1) o -_ :- '.-_(.6:-;.'.[_0)_ |
The'failureHWasla.sudden adhesion failure'of:the_RTC Epoxy T_;-
.at theICOre-core interface- with ho indicationﬂof.sliPéage;l
It is quite 1nterest1ng to observe that the value of G
obtalned experlmentally falls short of the expected value
by only ‘15 percent The shear strength is Stlll about 30 l:
'percent below the estlmates glven in Eq. 6- 3 however, the_ -
failure mode 1ndlcates that the .shear strength can stlll be
further 1mproved as better adhesives become avallable._ ThlS o
experlment was nevertheless qu1te enllghtenlng and conv1n01ng:
: that the best shear strength, Tc’ and modulus of rlq1d1ty G .
for the polystyrene cores are.found w1th heat welded cores..
These, of course,_are the 1east expen51ve of the types .
con31dered and can be readlly_welded durlng the vacuum
fOrming’prooess”in a production line using the heat.alreadyl

| present in the sheets at that stage. As the results of the'
'heat welded cores were quite encouraglng, 1t ‘was thought thathd:
one of the next loglcal tasks to be carried out 1n future
work would be u51ng heat weldlng not only to ]01n the two
sheets formlng the semlcores, ‘but also to j01n two semlcores-p
.as indicated in Flgure 5-3b. No problems are_antr01pated-‘nn
here as the.proceSS.is'frequently used to bond Qlastics [ZII,e_.

More importantly, the shear strength of the'core_should |
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certalnly be lmproved further Referrlng to the Zn-22A1

_pcores, the_results of T ‘and G - fall below the expectatlon, o

" which is a reflection of_the con51stent.adhes1ve fallure, as

caa be observed in Figure_5-9;z However;_cohsidering_thehgoodsfﬂ
thickness distribution as evidenced.in_Fiéuresf5¥29 ahd'5~30,
there is- plenty ‘of room for lmprovement of . the WRH Zn-22Al
core properties as soan as an adequate adhes1ve is found

Let us. now make a comparlson of the actual data gathered w1th ‘
the heat welded_High.Impact Polystyrene_cores against some

of the conventional_honeycomb.materials.on'thelﬁarket;. a1l

the properties are referred to a core density'of.O.IZB gr/cmslnfh

(9. 8'1b/ft3),'the“actua1 density of the WRH cores testea

and linearity- of the propertles with respect to the core :

density has ‘also ‘been assumed.- It can be observed in Flgure -

: G -1 that the heat welded WRH cores. and the non-metalllc

commerc1a1 honeycombs have comparable shear strength but
the WRH core has a clear improvement prospect if the semlcore-ai'
semicore bond is also performed by heat weldlng. R

Equally interesting is the comparlson of the modulus

of rigldlty G presented in Figure 6~ 2. The. only core :h_i”

material exhibltlng sllghtly better rigldlty 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 res:l.stancelr and den51ty range [3]
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Comparison is made on the basis of e
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The Four Point Bending'Test7:'-t

‘The intention of this test was to'defefmine'iftthe o

Icore-modﬁlus Eé had significant influence in the coefficient
"D, which normally is evaluated'solely on the charaCteristicsa
of the faC1ngs, as presented 1n Chapter IV. In order to have"n

_an approxlmate referénce for E r let us- estlmate its value_'

u51ng Eq. 4-92, assumlng that

By T EKevlar."'13l x.10. FN/m_-_ E (lQ“ﬁ';q -psi)

Es(Zn-22A1)~" Bg = 82 x 107 KN/m _ (}2 * 10_ psil

= 1.6 x 10° KN/m | (230,000 psi) .

s(poly)
A = 0.02 m" . . . (0,00005 in”®)

Inserting-these'valdes in Eq. 4;92,_it is eetimatedrthat *

Eo(zn-22a1) = 3-7 ¥ 107 K/mT {540,000 psi)
. e 2 Cee oo A
. _Ec (poly) 429,000 KN/m - : (61_'099 PSJ_)

The experimental values for E, were determined'in.chapter v,
based on the reeﬁltS'presented'in Figure 5-18 and 5—19; ‘The
experlmental value for the Zn—22Al cores is 15% better than the-

estlmated_value shown above, The ngh Impact Polystyrene




170

results seem to be much: hlgher than the predlctlons and thls

perhans may be attributed to the .combined effect of the’ flat .

portlon of the polystyrene and the wires that are far from
the neutral axis and also to the fact that'a contlnuous layer '

of good adhe51ve was' used in the core- fa01ng 1nterface.' The

' recorded charts from the Instron unlversal testlng machlne,-' B

relatlng the dlsplacement of the cross head to the applled

force, EXhlblted .an early yleld point when the plastlc cores_ o

were tested, and thls-;s-ln agreement'w1th the solid polystyrene B

behavior in.the'tensile tests that were'conducted.: This.mayf
be taken as an indication that the core modulus E may have

a real contrlbutlon to the sandw1ch constructlon performance
under bending; therefore, the flexuralfrrgldrty D may in fact ;h:

be significantly affected.by E,.

The Two Edge Slmply Supported Buckllng Test

ThlS test was only carried out W1th the Zn-22A1. ﬁhé”'
purpose of the test was to obtain another experlmental o
expression for_the modulus of rigidity Gé and to Compare it.ys
against the.data obtained in the shear test.' The reSUlts?ofh

the_test'are presented in Figure 5-21. As the failure_occurrea

"at the core-facing interface, displacement -discontinuities

may have developed at the'interfacetand.the'net'result was

that the members'comprising the sandwich beam Were bn19-'

-partially joined. The experlence 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'Fcur Edgea'Simply Supported Test

With this test it'was pOSSible to make a-direct:

.measurement of E taklng 1nto account the average stramn-

reading as a functlon of the applled force 1n the first

portion of the loadlng. U51ng Eq. 5-3 and Flgure 5 22 and

5=23, 1t was possible to determlne E ,'and the experlmental.

_value of E, for both Zn=-2221. and ngh Impact Polystyrene

cores were in the. range of the predlcted value us:.ng Eq. 4492;
As to the failure mode, 1t is qulte ev1dent that the

maximum load was llmlted by locallzed adhe31ve fallure at

"the core—fac1ng 1nterface, as has been argued 1n Chapter V :

on the ba51s_of the results derlved_from Eq.”5—4__-

" Core Thickness Distributionﬁe

As previously pointed out, the thickness dietriﬁution .
of the formed sheets is a dominant factor thatfdetermiues
both the shear streugth Té and the modulus of rigidityIGc

of the wire reinforced honeycomb (WRH) core.. In the’

' 'dlscu551on that follows, an attempt 1s made to explain why

the material_flows in the wvarious patterns 111ustrated_1n

Chapter V. | |
- An important observatlon was made in the prev1ous.

chapter referring to the completely dlfferent materlal

dlstrlbutlon around the_surface of revolutlcn projectlons for
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 the Zn -22A1 sheets, dependlng 1f they. wére formed with. or -

without wires embedded The explanatlon for the thlnnlng at

the top of the truncated cones when no w1res are used seems

to be given by Eq._4 34 and Eq. 4 43. In fact, 1f attentlon f'ﬂ
is concentrated on one 31ngle progectlon, it will be seen that
it is surrounded by six more pro;ectlons whlch are arranged .“l

.as 1ndlcated in Figure 6-~3.

Projections

Figure'G—S.; Projection Arrangement.in:the WRH Core -

If the sheets are formed with nolvires;'it°ean be assumed
that'tﬁe;effective-amount'of materialrbéenjformed“eround the
centrai-projection is a circle of radius'R .# 8 nue, and thez.

radius at the top of the projection is.R£oP;£ 4 mu.  If f

1
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Eg. 4-43 is used to compare the thlnnlng taklng place at e
points A and B in Flgure 6 3 when the sheet still has unlform

thlckness Wo’ a thlnnlng ratlo WB/W '- 3 2 results. As the

process contlnues, thlnnlng at 1ocat10n B tends to be accentu-;

ated because wy < WA at any other tlme._,'

However, when the w1res are placed on top of the_'

prOJectlons, the materlal closer to the top of the pro;ectlons_”

takes a curvature with a smaller radius than the materlal ;.;” |

further away from the projectlon top, as the pressure is

applled.' ThlS point is illustrated in Flgure 6~ 4 where two'~

small elements AA and BB are con51dered; -

(b)

. Figure-654. Internal Stresses in the Formlng Process _
{a) Portion of a Sheet in the Forming Process
(b} Force Balance of Small Elements -

Since the curvature of the sheet ln the radlal

directlon is negllglble, the pressure p is only balanced by

~the tangential stress 0. Considering the radius of curvature o

Ty and rB (r < L ), and the stress-strarn rate relatlon for

the superplastlc materlals, “the follow1ng expressrons result

. \\\li/”UAB"ri: ::;:Ld¢/2
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Py = Op

prp = o
and

Con51der1ng now the 1ncompre531b111ty condltlon, Eq. 4 40

‘can be approx].mately wr:.tten as -

(8,/85) = [(aw/sti/wlhft(aw/at)/wlﬁ.]_e BRNCETIEE
Combining 6-12 and 6-11, it is found thats
1/m

(rp/Tp) " /w a&h/a&B‘:'“ft-'ff_tttq-ls)=

But as soon ‘as the material at A and B take a sllght deforma-!” -

tion, it is ev1dent from the boundary condltlons that rA < r,

and it can be inferred from Eq. 6-13 that aw /dw < 1

ThlS is in complete agreement w1th the results presented in

Figure 5-30 -and Flgure 5- 27 for both polystyrene and
Zn 22A1 -sheets . | | '

The optlmlzatlon of the'WRH core propertles perhaos o

_can be achleved by taklng full advantage of the way ‘in whlch

- the material actually flows. It has been_establ;shed_that o
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the thickneSS diStfibﬁtioh-in the Webs of the'polystyrenele:

core wrth the square pattern, see Plgure 5- 25, is more unlformf-

hthan in the webs of the core in w1res in a trlangular fashlon

on top of the oonlcal pro;ectlons, as 1ndlcated in Flgure'
5-27. However, if the ratio Ap/hweb is examlned for both

cases, where Ap is the area around the pro;ectlons, 1t_;s '

found that the core with the'oohical projeotions and Wires':'

in a trlangular fashion has a hlgher ratio A /Aweb’ Thls

'_suggests that a con51derab1e amount of mater1a1 that

supposedly should go to the webs is pulled toward the'
projections if the ratio A /A web is too blg. ThlS dlscu551on

has a practlcal 1nterpretatlon in the sense. that polygonal

projections, having wires going across the vertloes probably .

approxlmate the form ideal -whllst the larger the angle a

'_between the wires and the s1des of the polygon,,the better

the flow at the webs. This immeaiately 1eads:to{only one ;
choice,“i.e., sguare pyraﬁids.'_hlong the same iine of:' “
thought; it.is observed that the Waterial seems to'havehft

better thlckness dlstrlbutlon around pro;ectlons Wlth large

1nc11natlon, as can be seen in Flgure Be 27 path l therefore,

" the projectlons should 1deally be square pyramlds wrth hlghly -

e '1nc11ned walls. Another fact is that as the thlnnlng at the

top can be balanced by the presence of the w1res, a Very f

" small top can be permltted. In this way more materlal is

available for the projection walls_ahd the Webs;-'Einally;._u

~ to balance the tendency of the material to thin down at the

_iu
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bottom of the progectlons and webs, W1der pro;ectlons base e-7

'should be used, reduC1ng agaln the flat bottom materlal Whlch. 

does not contrlbute to . the shear strength of the core. 'THe
arrangement_of the structures:could be-as indicated-rn;f o

Figﬁre:E-Sa. ToufUrther-imprdve the atreﬁgth,“thelflat'

~bottom in Figure 6-5a can be reduced mOre by.placing.ano£her"

. projection there without wires on its top or by'putting.two”,V_'

sets'of wires that'cross each other at 90° as shown in'

'dotted 11nes in Flgure 6 5a.

Another apparent alternatlve whlch would reduce the

bottom surface would be to use Hexagonal Pyram;ds, as shown ;_-.

“in Figure 6-5b. However, the webs would not be as uniform'e

as in Figure 6-5a because the angle a =.l20°'< 135°.
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\Square Truncated
‘Pyramid = . -

fexagonal Truacatad |
o Pyramid ' .

(b} - -

Figure 6-5. (a) Octagon WRH Core with Square Truncated Pyramid..
' ~(b) WRH Core with Hexagonal Truncated Pyramid. -
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' CHAPTER VIZ
CONCLUSIONS AND RECOMMENDATIONS
The determlnatlon of the mecbanlcal propertles of

- wire relnforced honeycomb (WRH) cores, thelr manufacturlng

feaSlbllltY and thelr furtﬁer 1mprovement have been both

' theoretlcally and eﬁberlmentally-1nvestlgated.* Two and three '

dlmen51onal analyses for both restrlcted and frlctlon—free S

;pressure and vacuum formlng processes have been presented

and exnerlmental eV1dence prov1ded conflrmlng that frlctlon
free flow permlts more unlform thlckness dlstrlbutlon._ In _
'v1ew of the 1mportance of productlon tlme_ln any_lndustrial-
.precess,-e theeretical analeis*Wae elee'presenteé.relatihgtf
sheet thlckness to formlng tlme for a constant pressnre.fff

The experlmental results confirm the flqw analy51s for the

on~22Al core, for a strain rate sen51t1VLty factor of m.— 0. 58.

In the formlng of the 2n-22A1 sheets w1thout wlres, a thlnnlng

'tendency at the top of the prejectlons was reported and
seemed to be due to stress concentratlon, whlch agaln is in

ragreement w1th the theory presented

Formulatlons for predlctlng the shear strength rc thegfif“z

'modulus of rlgldlty G , as well as E, of the WRH . cores were
developed._ ‘Pue to per51stant adhe51ve fallure at the core—'

:facing'bon&, the experlmental results of TC and G are Very
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cohservatire-aﬁd they do not trulyerepresent the actdal.pro~'”
pertles of the core, howeVer, the results of - the ngh Impact
Polystyrene came.close to the;predlctlons. Although ‘the =
wires aid not contribute_directly to'the shear strength_or.._
the.G .ihﬁthe-tested'specimens,"they do have anefioite' o
1nf1uence when the core thlckness 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- negllglble 1ncrease 1n welght. B

Furhtermore, they. are essentlal for the proper materlal dls—

tr:.but:.on, -fa.r from the neutral axis to enhance the flexural'-.' '

rigidity b of the sandw1ch constructlon.

As the shear strength and the modulus of rlgldlty of
the core are the most 1mportant mechan1ca1 propertles, the
.theoretlcal analy51s was extended to thls toplc ‘and 1t was
furthex ‘determined that the optimum core conflguratlon 1s__a
the one poSSessing'oniform”cross-sectioh:in'a-plahe'parallell
to the facihgs,-.This theoretical conclusion leads to |
importapt'practical considerations in the search.for-adequate

_prOJectlons shape and arrangements.

\_In an effort to underllne the- ngnlflcance of the core
mechanlcal propertles,'a nondlmen51ona1 analysls ‘was carrled i

-out to conpare the 1oad carrylng capacrty of two geometrlcally :_'

31m11ar saﬂdchh beams subJected to proportlonal 1oadlng
condltlons but hav1nq dllferlng core shear strengths and"

moduli of rlgldlty. Also, as an extenslon of-Allen-sﬂ




anaIYSis,.a derlvatlon has been developed to clearly show
‘that the dlsplacement w for a sandw1ch beam subjected to -a
load E unde;.varlous boundary COndlthnS can be separated :
'-_finto cne component w' thatidepehds on:the'facieé propefties
'and'another.ccmponent w" that depends'oﬁ:theveodﬁlus ofh

rigidity of the core.,

The experlmental results clearly 1nd1cate that, under

the actlon of heat and pressure,'lt is p0931ble to shape .
superplastlc Zn—22Al and ngh Impact Polystyrene sheets
‘into complex. shells having relnforclng wires embedded -a.-nd

with dlfferent c0nf1gurat10ns resembllng honeycombs, and

'further that such shells can be used in sandw1ch construc— __5

_tlon. If the plastlc shells are heat_welded, both the:

shear strength and the modulus of rigidity'can‘be sigﬁifi~

cantly improved. A definite advantaqe 1s seen in that cell . f:f“

buckllng may not become a domlnant factor 1n the WRH for

‘thicker cores, lnmcontrast to the drastlc detrlmental

effect that buckllng has 1n the shear strength of the con- o

 ventional hOneycomb in the thicker core range.,g
- | To determlne the mechanlcal propertles of the WRH
Hcotes, compresslon and tensile shear, four pOlnt bendlng,;h
two edge and four edge 31mply supported buckllng tests.
were carried out. The shear test of the heat_welded-_ -

poletyrene gave the best apparent Tc;'.The.other:shear-

tests had the inconvenience of large relatlve dlsplacements
at the core-fac1ng 1nterface. As the Zn~22A1 cores exhlblt
{i - .

oot
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very geod materlal dlstrlbutlon, the mechanlcal propertles o

-should be remarkably improved in prOportlen to the quallty

of the adhesive; although_the-theoretlcal_ealculatlons of o

the ‘shear strength indicates that the Zn-22Al cores are not -

asfeffective as the elumihum'honeycomb;'primarily because

Ithe 2Zn-22A1 is about twice as heavy as the ‘aluminum alloys' -

used for the honeycomb.-
' - To gather nore 1nformat10n in the search for a core
- with optlmum'rc and G the thlckness dlstrlbutlon of the

WRH cores was exper:.mentally determ:.ned along a number of .

basic paths. The sheets w1th_the—w1res embedded seemed to h

.present the best material distribution.ih terms;ef'strength
'and”rigidity,-as opposed to the sheets fofmed.withedt wires.
This suggests that when an 1ndustr1al process 1s set up, a
better optlon would 1nvolve u51ng wire relnforced sheets.
alone. As an alternatlve, wire relnfo;ced sheets in
eombiﬁation with'thinner'gage without.wiresmembedded eanh:.
also be used. ‘Based on the experimentel thicknesshdistrir
hbﬁtioﬁ results, it has been_suggested'that regular“sguare_d

Or.hekagonal pyramids-with'small upper surfeee.andtWider.

' 'base 1nterconnected with webs with the relnforCLng w1res

embedded, may prove to be the best forms of . prOJectlons in

© ‘terms of optimum Tq and G,.

The follow1ng recommendations are made regardlng

zfuture research in the area of the WRH cores.-7
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1. As heat welded plastlc cores, in contrast to those o

'adhe31ve bonded, give better results 1n terms of shear ft

.'strength and modulus of Ilgldlty, new research should

concentrate on co_pletely heat welded cores, using adhe51ve
- only at the core- loadlng plates 1nterface._-' .
2, As the sheets formed' W1th the vires embedded glve

the best materlal dlstrlbutlon,'the heat weldlng experlments

should - 1nclude (a) the testlng of cores made Only with sheetsﬂ

. and wires embedded, and {b) cores w1th sheets formed wath
wires embedded, in comblnat;on with thlnner gage sheets
formed w1thout W1res.__

3. In the optlmlzatlon procedure of projectlon

oonfiguratlon and arrangement, special con31deratlon:should-

be given to the square and hexagonal pyramlds with hlghly
d\lncllned walls and re1nforc1ng w1res. - Magnitude ofiflllet :
- radii reguired-should'be'careﬁully studied,rhowever,‘because_
of stress concentratlon. o | o |

4._ Further research, 1ndustr1ally orlented u51ng
 other plastlc materlals as well as pertalnlng to the heat

>welded WRH cores is hlghly recommended

_5. Further research is also de51rable uSLng adhe51ve5'h

| w1th superlor quality and also thh approprlate temperature

-ourlng 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 ferming'with
w1res embedded nay not only be appllcable in the manuFacturlng- L
of 11ght welght sandwich constructlon. Research could be

made to evaluate thls new: formlng technlque for varlous

alndustrlal 1tems u91ng thlcker plastlc sheets in comb1nat10n-3'

W1th 1nexpen51ve dies, as 0pposed to plastlc lnjectlon
mold;ng. -
Y The WRH cores manufacturlng technlque is qulte

approprlate for (a) 1nsert1ng metalllc columns 1nto the core

to enhance the shear strength and (b}.for developlng,cores w1th- -

‘a cylindrical Or more general'eentra1~surface for special

requlrements {i. e. shaped panels)
- 8. In the present worL, two and three dlmen31onal
analyses of the formlng of straln rate sens;tlve materlals

was advanced. -Further experlmental work correspondlng to

" the mathematical model should obviously be carried.out to

support this ana1y31s.-

9. The lnfluence that the angle between the W1res and

‘‘the projectlons has upon the web thlckness dlstrlbutlon also

requlres.further theoretlcal and experimental ana1y51s.'
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APPENDIX A

' CORE MECHANICAL TEST DATA

Compression Shear
Tensile Shear

Four Point Bending

Two Edge Simply Supportéd Bﬁckling

Four Edge Simply Suppbrted Bnckling'

il
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. Table l . Compre551on Shear Test

- Material: Sandw1cn Constructlon Wlth Polystyrene Core
Semi Core Bonding: Toluene (C H5CH3)

- Internal Semicore Bonding:  Spray Adhe51ve 7

Loading Plate Bonding: AFPEPOXY 2

Shearing Area: 8.9 ocm x 14 cm (3. 3 in x 5 5 in)

Number I5Load Load Shear Stress Deflection Shear Strain

lbs N  RPa" in x 10-4 _— U/m_-
1 100 - 445 o3 s 2,000
2 225-_;;600 - 8 15 - " 6,000
3 350 1,560 . 126 P -~ 10,000

4 450 2,000 161 N 35 14,000

5 540 2,400 - 193 o :_°-45 © 18,000
6. 610 2,700 217 55  t_.__'2z,ooo.*'_
7 680 3,025 243 '{ 65 26,000

8 750 3,350 270 75 . 28,000
9 800 3,550 - 290 o 85 32,000

'10 850 3,800 306 - '  95”']_ | : 36,000.
11 900 4,000 322 105 . 40,000
12 940 4,200 0 115 --44.@00
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 5,000 200 165 64,000
13 . 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-plate-bond;':
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- Table 2, Gompresgibn‘Shear_iestsif-IL"

Héa% Welded High Impact ﬁolystyrené'cbréé--'
Sheet thickness: 0.762 mm (0.036 in)}

Reading Deflection Shear Strain Force Stress - Stress
(rom) - (mm/mm) (lbs) lbs/in2  KPa
0.0254  0.002 - 925 . 48 331

0.0381. 0.0003 - 1,350 68 468

W e

0.0508 0.004 1,725 87 . 600
0.0635 0.005 1,960 98 675
0.0762 0.006 2,160 108 744
0.089  0.007 2,400-._120_;;:'- .827
o.10L o0.008 2,650 -132; ”_f 910
0.1143 0.009 2,900 145 - '__1,§oo

O o - [} [%)] [

0.127 0.010 3,050 152 . 1,047
10 - 0.1397 '0.611 o 3,250 ;"152ff'”‘ 1,;is
1 0.1524 0.012  '3,5oof[f175': f- 1;2qs
12 - 0.1651 0,013 f .'3,55o3;f13217 i_ 1,254
13 0.1780 0.014  3;850% 293 1,330 -

~ *Core bonded with RTC Epoxy. Epoxy failed by'adhesiona _3'
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‘Table 3. Tensile Shear Test

Material: Sandchh Construction w1th Polystyrene Core
Adhesive: Spray Adhesive 7 ”

" AFEPOXY 2-{280 °F, ‘10 min cure)

Test: 2- 4/27
Cross Head Speed: 0.1 ;n/mln/

" Number Ioad Load Shear Stress Deflection Shear Strain =~

_ 1b N KPa : mm S u/m
1 440 1,960 160 - 0.254 20,000
2 760 3,340 | 270 - o.3s1 30,000 o
'3 1,160 5,160 - 415 . 0.508 '_ _40;000
4 1;600__7,;00 i 570_'.'.'  0.635 '-_so,oob'f_f"
5 2,000 8,900 720 0,720 . 56,000

*Cohesive Fallure of Adhe31ve at the Core-Loadlng
- Plate Bond.
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SN FE Cross ‘Head Speed 0.1 in/min'
I A : (2.54 mm/mln)

Recorder speéd = 2 in/min

| ”Material..'ngh Impact -
_ 1 Polystyrene Core
lf-~m---¢_ ~© {0.030 in sheets)

YA

T 1400

" Applied Load (1bs)

Sl bt 1200

1000

|
. | _
i fe00

0.05 0.025
Deflection, inch

i
|
._.‘
i
|

' Figﬁre A-1.. Upper Portion of Ten81le Shear Tests Graph in a

~ Sandwich with WRH ngh Impact Polystyrene.




Table 4.

Material: -SandwiCh'COnstructipn with Zn-22Al1 WRHZCore_'x
* Adhesive: AFEPOXY 2 (250°F - 1 hr. Cure) | :

Tensile Shear Test ~ 2-5/6

Cross Head Speed: 0.2 in/min .

189

Number Load Load Shear Stress Deflection Shear Strain
KPa . mm - - mm/mm.” :

~lbs 0N
1° 125 = 555

2 230 1,025

3 -400° 1,780 -

4 520 2,300

n

640 2,850

1,020 4,540

0 ® ~3 O

1,160 5,160
10 1,300 5,790
11 1,400 €,230
12 1,640 6,500
13 1,530 6,800

- 14 1,580 7,050

i5 1,820 8,100 °

‘143 .762

775 3,450
900 . 4,000

45 254

83 .508

185 W IR
23 .27
278 1.524
322 1.778
35 2.032

415 . . 2.286

462 2.54

501 2.794
523 3.088

- 550 - | 3.302
570 ' 3.556

650 . 9.9

0.04
0.08
o 0.12'
0;15_'

0.20

L 0.24

0.28
0.32

© 0.36

0.40 -

0.44

 0.48

0.52

0.56

" 1.56
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At ot A = s

a5

b i -
I ti :
17 |F -

B

' Sandwi.ch Beam with Zn-22 Al.

- (WRH) Core.

X
i |

l(SO-u/m)/cm.

(w/n) ureIss

120

90

sec -

60

30

' Time,

. Load,

ibs.

(a) -

30

60
sec

(b)

90

120

Bending Test Characteristic Curve
{(a) Strain Gage Reading vs,

(b) Applied Load vs. Time

Figure A-2.

Time




Table"s,

Beam Subjected to Pure Bendlng.

ngh Impact Polystyrene Core ) . '
1 25 mm/min (0.05 1n/m1n)

Cross Head Speed: .

" Test-

Force

N

51

55.6

I'60;1
.ioz
128
294_ 

636

Dlstance -

{e) .

m, (in)

0.07143 |

(2-13716 in)

" (64.68)

Moment

N-m,. (1nﬂlbf:f'

3.64

(32.3 in-1b)

3.97

 (35.15)

(33 7)
7.29

9.14

.{80.85) °

- 21.2

(185.62)
45.43

(402.2)

4.29

191

60
132
178 L
00

900

EStrain
u/m

50




Table 6.

Test

1~

2-

10~
11-
S 12~

13-

'(3.5)

Fo
N . .

(1o}

35.6
- (8)

15.8

(3.5)

31.1

o

40
(9)

15.8
(3.5)

8.9
(2)

17.8
(4)

15.8

(3.5)

33.4

(7.5)

51.2

(11.5)

51.2
{11.5)

15.8

(3.5)

15.8

Bending Test of SandwichsBeams

-
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With WRd Zn-22 Al Core. (=

Cross tiead Speed: 0.508 mm/min (0.02 in/min)

Distancge (ei'. Hdmént - la
: .mo .7 N-m - u/m
(in) ' (in—lb)__ S
.073 2.6 - 160
(2.825) 23 e

3.375 12

e

. .0857 1.4 s5

0.066 2.1 150

2.625 - 18.5

0.066 2.7 1gs

2.875 26

2.875 10.1

0.073 . .65 -'5_30_i-j7"

2.875 . 5.75

6.066 - 1.2 - g5

2.625  8.75

'0;03 - 1,26 ; es w.; _: :

3.125 1

0.066. . 2.2 . 140

2.625 19.7

0.08 - 4.1 170 .

3.125 36

0.08 L4l 175
3.125 36

0,073~ 1.2 45

2.875 0.1

0.066 . - 1.1 . 55
$2.625 9.2

Zilik.




Table 7-

. Test

Force
{1b)

(65)
1,300
' (292)
1,335
(300) .
1,024
(230) .

1,544 |
(347) - |

3,800
(860)
356

(135) Jslgi}!

{20)
- 111
(25)
245
(55)
- 423
(95)
645
(145)
868
(195)

| e
(ag; T

Buckllng Test Data _

Straln
Cu/mo

19 v

 _80“

. 80
150 -

%0

160

370

.35

. 16

25. -

47

70
73

-Zn=22A1. Core, Simply Supported at the

Loaded Ends.

Cross Head 5peéd.

0. 05 1n/m1n .

193
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. . Table . 8 '
Four’ Edge Slmply Supported Sandwich Beam
with WRH Zn-22Al Core :

Edge Wise Load B o N
 Cross Head Speed: 1.27 mm/min (0.05 in/min);._i_

Load = Load . Strain Stregs -
Test "1bs N w/m KN/m

1 280 1,112 75627
45 2,000 237 ) : 1,1291;_ |
780 3,470 425 1,960
975 4,338 675 2,450

I R X

5 _ : 1,275 5,673 . _'_1;000 "3:20‘5_

6 . 1,675 ;: 7,200 1:375'7~a "4,o75
7 - 1,950 8700 - - " 4,900
8 2,275 10,206 - 5,750

9 2,400 10,700 - 6,040

L

v
W

o

n

o

RS




Teble-9;

~ Test

o

- R SR

10
' 11
12

13

195

Four Edge Slmply Supported 5andw1ch Beam with
Zn—22 Al Core Loaded Edge Wlse T

Load  Load  Strain Gage . Strain Gage

1bs - N  Pace One '  Face Two

wm oo w/m .
175 780 56~ - No Reading
300 © 1,335 7. - "

500 2,225 325 0w

RIITE TR
1 &% .

525 2,340 325
750 3,340 525 %#_'64 75

950 4,230 700 ] 218

:_1;225 '5;459 o e_éso; *Tf??i 75
1,475 6,600 1,000 . 700
1,760 7,840 - 1,250 900
2,200 9,800 1,550 1,200
2,625 11,725 1,850 . 1,450
2,750 12,240 - 2,200 . - 1,950 -
2,950  *13,150 2,400 2,200

- *Cohesive failure of adhe31ve AFEPOXY 2 caused buckllng
~of face omne. _
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Table 10.

Four Edges S:mely Supported Buckllng Test
Core: ngh Impact Polystyrene Core, bonded w1th Toluene
Core .~ Facing Bond: RCT Epoxy
Cross Head Speed = 1.27 mm/mln (0 05 1n/m1n

Test Load | Load - I'“Stra;n_Gage 1 ?_ Straln Gage 2
lbs N s p/m S ,u/m

1 450 3,000, “° "150. . No reading

2 600 2,670 420 . *

W

900 4,000 o600 ..

i

1,100 4,900 850 . . v

b

1,375 6,120 3'1;150;:a£lll!l
1,650 7,350 1,550 | . | 100

1,875 8,350 1,950 300 -

2,200 9,800 2,400 525

P

RN TN

2,500 11,125 2,800 - . 750
100 2,800 12,475 . 3,400%* . 950

' Failure of RTC Epoxy by edhesion.'




APPENDIX B

CORE THICKNESS DISTRIBUTION DATA -

High Impact Polystyrene Without Reinforcing Wi:és:

197

High Impact Polystyrene with Reinforcing Wires in Triangular

 Pattern.

High Impact Polystyrene with Reinforcing Wireé in Squafe ““-

Pattern:
%n-22Al1 Without Reinforcing Wires

Zn-22A1 with Reinforcing Wires




| N Table 11 Do e T
Thlckness Distribution Ratio w/w_ in High Impact_Polystyrene
Forms Wlthout Reinforecing eres : : ' S

| Thickness Ratio w/w .

e ' /nm .
Distance - Path. 2 Path -3 -.Path 1l
mm : '
1 57 .7 - 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
8 855 . 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

wo is 1n1t1a1 thlckness _ N
w  is the thlckness at a particular locatlon after formlng._-

Path 1 - - path 1 -




Table 12.

Thlckness Dlstrlbutlon Ratlo w/w for the High Impact

Polystyrene Formlng w1th the RelnforC1ng Wires.

Distance Path
: mm . mm/mm=
1 1 0.63
2 0.42
3 0.33
2 0.24-
5 - 0.15
6 0.1
7 0.13
8 ©0.13
9 0.15
10 0.14
REAE 0.13
12 0.13
13 0.19
14 0.28
15 0.39
16 0.54
17 0.78
18
19
20

o

0.63
0.43 -
- 0.24
0.17
0.15
S 0.17
0.18
0.19
..0.21
. 0.21
' 0.20
0.17

0.15

0.13
$0.13

0.20
0.32

0.46
0.57 -
0.64 .

w_ 1is the initial thickness of the shéet

Thlckness Ratlo w/w
' Path 4
mm/mm -

Path.4*

o/

- 0.65

0.43
0.25

- 0.17

0.17

0.9
0.18

0.19
0.20

0.22
0.22.
:fJO.Zl

0.20

. 0.37
. 0.47.

0.50

0.77

- 199

w 1is the thickness at a partiCular‘locatidn}after'forming.




gl
N
200 _
: Table 13. |
ﬂﬁowsmmm U“_.mﬂﬂn_,vcﬂvos w of m“_.@s Hnﬁmoﬂ wo“_.wmﬂwnmnm m.onamm |
in a square wmﬁﬁmﬂn with mn&mmmma Eu.ﬂmw. ;
Path 5 B
Distance : o Uu.m#mnnm P
From Top Thickness  From Top . Thickness
1 0.22 25 - 0.13 _
2. 0.22 26 0.14 b
'3 0.2 27 © 0.14 |
4 0.18 28 0.4
5 0.165 29 0.13
6 0.15 30 0.12
7 0.14 L3 0.12
8 0.13 32 0.12
9 0.118 32 0.11
10 0.1 33 0.105
11 0.08 34 0.1 S
12 0.06 35 e
13 0.03 '3 . 0.1 o |
14 0.03 37 L 0.1 3
15 0.06 38 0.1 I
16 0.07 39 S 0.11 .
17 0.08 40 U 0.12 m
18 0.09 40 - 0.13 )
19 0.10 42 - 0.14 |
20 0.11 43 . 0.15 E
21 0.12 a4 ﬁ
22 0.12 i
23 0.12 |
24 0.12 :
|
i
| N
— [
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Table 14. : - o .
. Thickness DistributiOn Ratio.w/wbzin=2n-22Al.Forms
w/0 the Reinforcing Wires,.3 T
. o Thlckness ratlo w/w ’ mm/mm
Distance Path 1 Path 2 Path 3 Path 2%
0.68  0.84 10.55: - 0.86
0.77  0.81  0.62 0.85
0.73  0.79  0.67 = -0.81
0.69  0.81  0.74 0.8l
0.64 . 0.81 . 0.79 0.8l
~ 0.61  0.81  0.81  0.78
©0.57  0.80 0.78 © . 0.79 "
0.52  0.76 - 0.69 . 0.69

I I T T e N R

0.57  0.74  0.62 " - 0.69
0.61  0.62  0.55 ' 0.69 .

P =
| B =

s
N

0.75

*Sheet formed 80% only
W is the initial thlckness of the sheet

w is the thickness at a particular location.

Path 1 Path 2 Patn 3 . path'2* |
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. . . o N B Table 15. . - . - .
Thlckness Dlstrlbutlon ‘Ratio w/w of Zn—22Al Sheets

Formed w1th Wires Embedded in Trlangular Pattern*_';'%d'ﬁu

Path 4* S : o
‘Distance From Thickness
- Cone Top . Ratio

mm _ _ ) |

- o

W7
.5
.35
.28
S.31
.34
.37
.4
.4
.4
.4
.32
.37
.42

WM e O W N

il ol i
[ PSR N R R

*Sheet Thickness w_ = 0:080mm (0.0035 in) -
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APPENDIX C .

SHEET PROPERTIES AND FORMING CONDITIONS.

omparlson of Heat Welded HIP Cbres Agalnst Conventlonal

Cores
flaws as a Function of Formlng Tlme
Mechanical Propertles of ngh Impact Polystyrene as a Functlon |

| - of Heating Time . o |

Heat Weldlng Flat Polystyrene Spe01mens for Shear Tests.

 Heat Weldlng of Semlcores Observatlons

Relations Between Sheet Thickness and Eorming Time of

Zn-22A1




Table 16.

 204.5; _ 

Comparison of Heat Welded High Impact Polystyrene Cores -~ - .
Properties Against Some of the Conventlonal Cores 1n the w-' _.'

Welded

*The properties’ are estimated at

Dlrectlon.
Core Designation - =~ Shear Strength _ :.fShear Modulus .
. ' ~ KPa S © - KPa
. . {psi) (psi)
. Kraft-Paper Honeycomb 1331. .. 135,000 .
- 0 (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 : ' 1930 ; 55,000
' : (280) . - {8,000)
High Impact Polystyrene 1420 100,000
WRH Core Partially Heat. (2086) (14,500)
Welded o o
Improved High Impact = = 2140 . 117,000 .
Poly. WRH Core Heat : (310) -{(17,000) .

a core denSLty of 0. 123 gr/cm '

and 11near1ty between propertles and core density has been

assuned.
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‘Table 17. Characterization of the Vacuum Forming of the 0.75 mm
High Impact Polystyrene with Wires Embedded -

Number Flaws Hg?géng ObserveeiOQe
... . (sec) .. .. .
1-7/28/76 2 30: 7 Well fOrmed adequate.evacuation"'
2-7/28/76 2 60 "~ Well formed, adequate evacuetlon
3-7/28/76 3 65 Light air draft |
4-7/28/76 ¢ 65 . Perfect = o
5-7/28/76 BAD - = 40 - Ventilation holes not punched
6-7/28/76 . 5 65 TP0551ble long heat effect
7-7/28/76 O 55 - Perfect ' -
8-7/28/76 0 85 - Perfect = -
- 9-7/28/76 0 55 " perfect =~ .
- 10-7/28/76 O 55 Perfect .
- 11-7/28/76 © 55 Perfect
12-7/28/76 0 55 Perfect
13-7/28/76 0 60 . Perfect
 14-7/28/76 0 60 - Perfect o |
1- 7/29/76 10 80 N6 good. Formation of Inclined
- webs~ R e
2- 7/29/76 4 40 Nogood . oo
3-7/29/76 15 80 . No good. Formation of inclined -
o a ' webs .
©1-8/13/76 0O 55 . Very good. It seems like the . .
' ' material close to the wires =
‘around the projection is the".:_
: _ . last to be formed
2-9/13/76 0 60 © Pperfect . |
3-9/13/76 0 85 . Perfect . o
4-9/13/76 1~ 70 - Material did not go to the .
: ' . - bottom in the v1c1n1ty of the .

- : - flaw L -
5-9/13/76 0 - 55 " Perfect. R
6-9/13/76 40 . 70 ‘Flaws were close together
7-9/13/76 0 - 50 Perfect - B
8-9/13/76 12 85 . No Good Sl o

- 17—9/13/76' 1 . 55 LMaterlal around the flaw formed o k.:.

'18-9/13/76 0 50_5'1f---'Perfect-*




Mechanical Properties of High Impact Polystyrene

9-8/27/76 -

- 50.0 1.69

Table 18.
o As a Punction of Heating Time.
épecimen Cross | Heating Maximum_ Y.P.__Strength' Y.P. AF Ae E
' Section Time. Load Load =~ -3 -3 (N)  p/m SRR 14
AN ' - (207 (10 - (0
(mm™) (sec) (N) (N) - KpPa ‘KPa KPa
2-8/27/76 30 108 . 614  44.5 20,5 - 1.48 445 0.0103125  1.44
3-8/21/76 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
. 1-8/27/76 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. 1.36
29.5 .0 632 21,4 356 0.075 1.6

%0z -~ - . -
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e T e . - - .
.-
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4
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o

=
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s
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b
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-4 129
100
30

6

4
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LR N L T S, SRS S N SUEREAIY A

‘Typical-Shear Test.Reshlﬁs_Of,Heat”ﬁ
- Welded Specimens of High Impact

{-Polystvrene._

Figure Cc-1.




Table 19. Heat Weldlng of Flat Polystyrene
- Specimens for Shear Test® =

Temp." Preheat Heat-Time

=
[

'NO'C'.t°F] Time = with -;.-observationf
. (Min) - . Pressure
1 200 0 8 _-'No bondlng at all
2 270 0 12 No bonding =
3 270 0 20 . ' _No bonding SR
4 300 0 20 Partial bond, broke:"'
_ : o by hand pulllng -
5 350 2. 3 Satisfactory
6 350 2 2 Good seal
7 350 2 1 Very good seal
8 350 1 3 Very good seal
9 350 1 2 - Very good seal'e*
10 . 350 1 1 " Good seal, no bond
325 2 2 * Good seal, no bond
12 . 325 2 4 Looks good =
13 325 2 3 __Looks good
14 . 325 2 1 - Looks good
15 325 2 2 |

. : : o
Pressure-constant-*l 4“KPa (20 psi)'

0.762 mm sheet thickness (0. 030 in)
SEPARATOR TAPE o SHEAR FAILURE
T } N trit ’ o

No bond (011 surface] 1'J 




_Table'ZO; Shear Test on Elat Heat_Welded'Specimeﬁs 

Specimen Area

Force ‘Shear Preheat Press. Temperature"f . 

Number = (in2) = (lbs)

Stress Time Time
KPa  {(min) - (min) .

. _(°C)_- | .

.0824 45
.0897

110

5
6

7 L0840
§ - .0853
9

©.0859 111
| 10 0633 92
12 0756 . 85
13 0711 114
14 0969 54

102
113

36.67 2 4
78.45
1 92.8

N R
X

89
89:1

b

100.2

o bt
N

1 77.5
110.6

NN N
= th &~ N

© 176

176
e

176 -

163

163
163
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Table 21. Heat Welding of SemicoreSfObeerQations*'T* L

ey Preheat Time . Formihg.Time- o , . 3
Test (min)_ - (min) . ‘Observation

1 . _'0 B 4: ' Sheet broke at v1c1n1ty ”;:.
' - o - : uof a flaw. S

2 | 2 4 - Leakage at a flaw.
. .. . Bad formlng.'

42 s 'No ‘leakage.  Good bond.
4 | 2  : - 6 o ‘Excellent. - No leakage.

© and no crack1ng on
: bendlng.'

*Semicofes were heat welded at a temperqture.of
176°C (350°F) and a pressure of 1.4 KPa (20 psi).

There were no flaws. - == it

was detected, no breaks, -




Number Sheet Thickness Pressure Forming Time
' ' (psi}

1—3/24/75_:
2-8/24/76

3-8/24/76
4-8/24/76 .

5-8/24/76
9-7/29/76

10-7/29/76
T 11-7/29/76
o 8-7/23/76
3-7/23/76
*_.1-7)23/76_

 Table 22.

~ (mm)

0.075
0.075

0.075

0.075
0.075

0.075 .
0.075
0.0?5',;*
0.075
S 0.075
J0.125
0.125

28
28

16
20

24

36
36
36
_'-36 

. _;53§_ *::L'

{sec)

15

17

80

66
.61

25

15,

f]307 ":

23
-_Léd'f'

Time For
Pressure Drop

to 20 psi

(sec) -

40

40

20
22
o
40
'H34  w
o300
e
25

Relation Between Applied'Pressure;-Sheet
Thickness and Forming Time of Zn-22Al.

Obsérvations

Very

Very

Very
Very

. Very
' Some
Good

. Good

good sealing
gobd'sealing.'
gbéd sealin§'
godeSéaling

good séaling

leakage

séaling |

sealing

forming

. Not fully formed . . =

1Tz
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APPENDIX D
APPLICATION AND SELECTION OF BONDING MEDIUM

Surface Preparation . i

The proper.appllcatlon of a bondlng.medlcm 1n a.llght
welght structure is as 1mportant as the design of the struc- rt'
ture 1tse1f. A-structure’ poorly bonded shows low performance.
If the core and fac;ngs in a sandwich construction are not L
élrmly 301ned large relatlve movements take place at the bond;;'g
1ng 11ne and - the structure behaves as a group of 1ndependent B
‘elements or at most loosely bonded.  The surface preparat;on
is essential for a good bond. : _ R

. The procedure used to clean the aluminum:facings_f:
was as follows [20] | o

1. Removal of tne oil W1th 1sopropyl alcohol, or.ltl
acetone, - |

2. Immersioh"in:ah'elkaiine Gleaner for S—iieﬁinctee;J -

3. Rinsing throughly with water. : | . | |

4. Immersion in an etchlng solutlon.at 150 °, + 5 °F.;
for 10 mlnutes of the follow1ng composltlon. |

Dlstllled water 30 parts by welght e*'
vSulfurlc Acid (concy) 10 parts |
'Sodlum Dichromate {Na CA 0,. 2H ) 1 part
5. R1ns;ng the facing sheets in clear runnlng weter.'. t

6. Drying for 10 minutes with alr,__-'




. 213I .--.I...

_The.Zn-zzhl sheets surface preparation_waS'identical.f"

to the recommendations for aluminum honeycomb"cores;_fAliphatic':”

Naphtha was used at rooﬁ temperature for five'minutes and

and the sheets were draed for 10 mlnutes at 200 °F.f"As an B

alternatlve-method acetone was used to replace the Naphtha.
The ngn Impact Polystyrene sheets were cleaned with
Isopropyl ‘Alcohol, and a few sheets were sllgatly sanded

| w1th 200 grlt sandpaper, as recommended by Cagle [20]

_Selection of thelAdhesiVe.

A nuimmber of adhesives Were_tried out-to determine the

most suitable product for the core 1oading plate.andacoreécore’

interface. The optimum curlng condltlons that the manufacturer L

suggested were ‘hot always pOSSlble to achleve because the_l"_
.curlng time and temperature had to be such that dld not affect
the core shape. The results reported 1n Flgure D-l correspond
to shear test, s;malar to the 1oad1ng condltlons 1n the core

tensale shear test.

‘The results indicate’ that AFEPOXY 2, cured for two hours _

at 138 °C (280 °F), was about the best product however,Eﬁ
such condltlons could not be tolerated by the ngh Impact B

: Polystyrene w1thout affecting badly its shape.' As there were

.iarge deformations taking plaoe at the honding'line, as reportedx7l

in Flgure D 2, the AFEPOXY 2 was successfully replaced by RTC

Epoxy, and no more adhesxve fallure were observed.
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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 Fallure at Core- Core Bondlng Area (Zn 22 Al)

AFEPOXY,z; 280°F, 10 min. Cure

Cohesive Failure (Zn-22 A1)

AFEPOXY 2, 280°F, 2 hrs cure

Cohesive Failure

: =5a — _
1000 - 2000 - . 3000

‘Shearing Stress

FigUre D-1. Selectlon of Adhe51ve for Core Loadlng o
~Plate Bond
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Figure D-2. Shear Strength of Adhesive AFEPOXY 2 =

Cured at 140°C_(285°F) for 2 Hours
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Pable 23.  Adhesive AFEPOXY 2,Shéa£_Tést.Béha§i§£ H 'ﬁ -
toad - .Load "..Stréss..' .Diép1aééméﬁt'H
1bs N KPa . Wm .
550 2,450 760 'f ftﬁ.i-- 1.27

1,100  4.900 51,519 K .9 ;: 52;54;7
1,500 6,675  2,069. = 3.81
1,950 8,680 :'. 2,690 ::fr-5.- ;5f0é y7
2,425 . 10,800 .. 3,350  6.38
2,750 - 12,200 3,736_;J  f.j{V,'%;62 f '
3,250 14,500 - 4,500. 8.89 -
 3,600' 16,000 B 4,566f_  _&;.,§-1d.15 _ '
3,850 17,150 - 5,300 '_ f_gf?*j11;43;H
4,000 17,800 . 5,500 .j'.f71 '12,7i}f' -
*aAdhesive was cured at 140.5C'(285_;f5 for 2=hour§;H

Cross Head Speed: 1.27 mm/min (0.05 in/min) -~ 7
Test: 1-6/14/76 o C S '




217 f;=V'

- APPENDIX. E
THE STRAIN GAGE
‘The strain on the sandwieh'faoingsgwasddirectlyf;_}:;,l”

measured by strain gages in the bonding and buckling teSts;';

‘as mentioned in Chapter III,_where the equlpment and the '
electric circuit were 111ustrated. In order to balance the ;t_n

circuit wrthout much dlfflculty, four straln gages w1th

nomlnally the same reslstance were used to make the Wheatstone-.
bridge, but only one gage was actually 1oaded. The straln :
gage used was type Cé- 644 260 with a gage factor of: 2, 21 t-
0.5%, a resistance of 260 * 0.5 ohms, and.manufactured by_- o
the Budd Company., | | _. o -

The three unloaded strain gages completlng the brldge f'
were mounted on a 5 cmx 20 cm x 1.25 cm_piece of 2024.a1um;nuﬁd
alloy. fThe active strain gage'was'mounted on'thegzoz4ff"
Aluminum T3 alloy facing sheet. Acetone was used taatﬂaer
throughly clean the areas where the straln gages were mounted
Eastman 910 Adhesive was used to bond the gages, and the-'lﬁ
excess of adhesrve was carefully squeezed out from the ;ff'

bondlng area, to 1mprove the curing and performance of the

gages. The mountlng plate was grounded to the Instron

Universal Testing machlne. Figure E—l 111ustrates the

apparent'strain, and gage factor_Varlatron_that.are oharao-"'

_teristics_to the type of gage used_on the'experiments;_s“




218

566 et 1 G ‘
A G o .
‘*ik. ( '!___ S :'.QS
R34 N e G
3 - -~ - _A: !
- : APPARENT-STRAIN - £
; T O 2 e 2 A Y R ST S T s p o
- S : 2 I S - S
&_500]- GAGE FACTOR VARIATION S5
R RERE | ,
& L Cn
! i
l ) L :
%1000 A B85

E é B 100 150 200 250 300 350 A 450 50 550 o
3BG TEMPERATURE IN OF emr—s - . S L

_______ \ |

. — ]
cage Tee_CH- 604 o Ji-AJI=1 |

.MOUNTED ON 10183 PRq . D*&TE._',:'!:::;C:'.{'}.::&._-_ I -

This curve was provided by the manufacturer,
the Budd Company.

Figure E-1, Character15t1c Curve of Strain Gage
Used in Bendlng and Buckllng Tests '




219

APPENDIX F

Thls appendix is 1ntended as a summary of super— o
plasticity behavior, the understandlng of the process,__ 

‘present superplastic technology and its applic-ation_s.




Superplast1c1ty has been observed in many.alloys of
eutectlc or eutectoid comp051tlon, but not exclu31vely so.:
-All superplastlc materlals are characterlzed by hav1ng very a
flne gralns, very hlgh straln rate sen51t1v1ty and a range of
| temperature and straln rate in whlch the phenomenon has been

-observed.‘ ‘The understandlng of thlS mater1al behaV1or 1s_-

not still clear. ' Most of the work conducted Wlth superplastlc-f

alloys have been on the laboratory scale; but'great promlse 1st

-expected because the superplastlc materials can deform uni-
formly sometlmes up to 2 000% in terms of orlglnal length "f'
and no other material can be used to form very complex shapes
‘with great reproduction of detalls in a 31ngle oPeratlon.

Superplastlc alloys have been dlscovered in most

metallic systems, and in all cases very flne gralns have been S

reported in- the order of . 4-10um.[431 The phenomenon has
always been observed in a limited range of temperature and

strain rate. Some of the basic metals 1nvolved in super—'

plastic alloys are: aluminum, cadmlum, copper, 1ron, zlnc,_”t_,_

lead, wmagnesium, nickel, tin, titanium, and zirconium. -

Superplastic1ty- A Useful'Propertz :

Superplastlc alloys are generally deformed at tempera— _ﬁf.

_tures above half their meltlng temperature [28].-_At room

temperature, they_exhibit mechanical propertieSICOmparable.;_nj,j

‘with conventional materials; therefore, superplasticity can

be used to our'advantage for parts manufacturing [39].: Super—"

[
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plastlc netal sheets can be thermoformed by vacuum formlng
techniques or by applylng very 1ow pressure 350 1700 KPa
(50—250 p51) (39}. Solid pleces of superplastlc alloys can
be . squeezed into intricate shapes, sxmllar to_close dlez'
forming or pressure castlng._ In-this.way;dcomponentS-with’3-y
very fine grain, can be obtalned, with no ﬁlcr0por051ty as
" in the castlng of certain alloys,.and excellent reproductlon
' of detail. | | |
Superplastic materials,zlike Zn;éZAl'alloy;.canabef'
used successfully in toollng for plastlc 1n3ectlon moldlng
" [39]. In this way, female caV1t1es of the mold can be- -
easily produced by pIESSlng a male. tool 1nto a blank of _
eutect01d Zn-22A1. Beneflts can be derlved from the ablllty
of superplastlc alloys to flow readily under low forces in-

extrusion, rolling, deep drawing, and form;ng,[39].-;Materials

like superplastic nickel have been rolled, and_a,significant o

reduction of rolling forces has been'obtained;r,ﬁickel base -
superalloys are also forged superplastlcally._ Theymare'

'otherw1se con51dered unforgeable.

.Metal'Forming

Superplastic alloys can be processed bf_sheet thermo-

forming, compression molding, and extrusion, as well ‘as blow

molding - The merits of using superplastlc alloys as opposed .

to conventlonal materlals, depends on the englneering pro— o

perty requlrements of the product, complex1ty of the shape,
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production rate, economy of seCOhdary_finishing:operatiohs,:
and tooling cost.."'_ o | | '_.: .
Eutect01d Zn-22Al sheets can be readlly formed at a

temperature between 268 °C and 274 °C. - The process should ;'t
be completed before the-parts reach 278 °C;: The.forming.;.'"
tools are kept between 305 °C- 344 °C (580-650 °F), dependlng3em
on the sheet thlckness.- In this. way, the whole cycle, 1nclud1hg"
. heat treatment, is completed between 3-5 mlnutes. Thin metal |
sheets tolerate llttle or no preheat and they are heated by )
heat transfer from the toollng. Careful control-of preheatlng '

| temperature and formlng time is: requlred to get full benefit
of the superplastlc condition of the alloy [39]. By,u31nq_
superplastic alloys, parts can he formed. into very cOmplex"
' shapes;:something.that is not.possible'uSing other materials}r.;i
-As a result, an assembly of several coﬁponents ﬁade oﬁt.of ; r :
conventional alloys are often replaced by a 31ngle super—:'a
plastlc part w1th a more intricate conflguratlon [38] -
Although superplastlc alioys stretch more unlformly
than conventlonal materials, thinning tends,to occur in thefirf
last portion to be formed {29]. This effect can be minimized -
in several ways. First} the pressﬁre coold berapplied?when:thel'
material next to the-clamping zone is still hotter than the |
bulk material. 1In this_way, thinning will naturally occur.~v
around the clamped material. As the formlng proceeds, it w1ll”ftj
be noticed that the material close to the boundary W11l_be -

the first to contact the tool cavity and Strainihg'will cease.




Another way to reduce thlnnlng is- to perform the mater1a1 1n'

an opposite dlrectlon first, then the pressure 1s reversed.j

By doing so, and selectlng a proper prestretchlng shape, the_i;d

_materlal next to the clamplng sone will not come 1nto;

immediate contact with the'mold’cavityrand stretching_Will be.f Ea

.wide—spread
- Plugs of a predetermlned 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 applled

to the plué, the material free of contact will stretch. tIn'.:;_e-
this way the sheet can be prestretched_at'will_at specifieda;

locations. The parts are subsequently fabricated as the air -

pressure is applied.

'Tooling'for'Superplastic Alloys

“Tool cost can be apprediablyfreduced wheu forming'

blanks and sheets of superplastlc alloys because parts can be-"

readlly formed at low pressure. uThe tool material selectLOn'.

depends on production. If production is high, better tool

materlal w1ll be requlred, so forming time can be reduced at fj
the expense of hlgher forces to lncrease the straln rate. Onl.'

tthe other hand, if a few parts are going to be formed then‘ﬁ--'ﬂ-'

lower strain rate and-cheaper tool materlals can be afforded.
A tool for pressure thermoforming has,*in'general

the'following features- ‘a pressure clamp, provrslon for_

-holdlng tool on press, draft for easy removal, good surface_"
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flnlshlng and texture w1thout 1nterfer1ng w1th part removal

and must be strong and rlgld, The tool must have vents to

permit the entrapped air to be removed. _The vent-dlameter_f'
-shbuld be no more than one helf-the thiCkneeslof'the-sheet.t i

The tool also may have inserted heaters,fae_well ae.tempera— -

ture control sensors. Heat or air—curing'Ceramid felt or

transite can be used as. insulating materials; To facxlltate'fe”

- part removal, re51n-bonded molybdenum dlsulphlde has proven_'

rsatlsfactory.

Tools have been made'df steel_ahd eluminum,:although-["

steel is preferred because it retaihs'heat"better.;”saﬁd;
cast aluminum elloys have_aISOfbeen;used'as.wellease
sintered iron;.whieh has:the.edvahtage'ofteesy venting;
'Graphlte, a self lubrlcatlng materlal which is easy to .
machlne, is a very good mater1a1 for superplastlc toollng -
[39]. B | |

Mechanical Properties of Superplastic Zn-22al

Zn-22Al is put in the sﬁperplastic condition by

heating at 650 °F and water quenching. Under these circum—-

stances, if the alloy is subjected to tehsion between 475- -

530 °F it elongates'aboutTZZOO% before itrruptures.ﬁ?A~x-z"

_typicei grain size is of the order of 1-2 um;tunresolvabléﬁ._-'

by light microscopy. Further grain size reduction can be -

obtained by-cold rolling. :This in turn will reduce the -

formlng pressure even further. For the heat treatment, the

parts are brought up to 650 °F and elther air or furnace _
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- cooled.. The furnace cooled parts exhiblt some graln growth

and are more. resrstant to creep at room temperature Wthh is
an 1mportant factor in superplastic materlals.
The Zn—22Al is sen51t1ve to creep at room temperature.

The furnace cooled alloy permlts much better de31gn stress

in terms of-creep: however, the yield stress is much-hlgher

for the a1r cooled parts as opposed to the furnace cooled
The ‘creep strength for furnace cooled parts is. 43, 000 KPa-I
(6, 300 p51) compared with 17, 000 KPa (2 500 p51) for a1r
cooled parts.

it seems that the pr1nc1pal llmltatlon of Zn—22Al

alloy is creep re31stance rather than a rupture limltation._ _"'

- The eutectoid Zn-22pl shows an average strength of 90, 000

KPa in fatlgue, under reversed bendlng, for 10 mllllon

cycles. The Zn—22Al'seems to be more re51stant to corrosion'

than 380 Al as cast, when subjected to different environments

containing 100% humidity, 302, NHB,,NaCl'at.;oom'temperature.:

controfling 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 flne graln-_
alloys as they are stressed above 0. 5 T . . The hardenlng

occurs from straln rate sen51t1v1ty rather than from straln o

hardenlng. This can be expressed into the follOW1ng form [34]
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Rewrltlng thls equatlon ln terms of the area and the applled

load, we obtaln
aa/ae = -l/k (LOAD/::.) / ‘“‘ 1’/“‘ o

From here we can,seeﬁthat as m approachesgone;-dA/dt
becomes.indebendent of the'arean[47].: In practlce thls means

‘that deformatlon Wlll not be 1ocallzed but rather w111 beﬁh'

T

well distributed throughout the whole spec;men._ As tne stress =

is lncreased in sectiong where the area has been reduced the

- ratio dA/dt will remain about the same in the entlre Spec1men.

On the other hand, materlals that have an_m factor of 0.2 or
1ess show a pronounced necklng‘_ . '

There-is no 51ngle mechanlsm that can fully explaln

”superplast1c1ty. Some processes have been advanced as. p0331ble

superplastic mechanlsms, namely. vacancy-mlgratlon process,='
graln boundary slldlng, and. dynamlc—recovery processes._”

The vacancy mlgratlon hypothesis proPoses that there is a

dlrectlonal flow of vacancies along the graln boundary [43] t"

or through the 1att1ce as a result of stress 1nduced mlgra—'

tlon. There w1ll be a hlgh concentratlon of vacancles in the-'

| boundarles that are perpendiculary orlented to the applled

-forces_and diffusion will occur toward the boundarles that

are parrallel to the loading. The_diffusion;bf bacanciee_will e

imply a:diffusiontof atoms [41]). Thie.caa'befgxpressed:'

PR —_——




in the followingpformﬁ

. -_. - 2.
e = Blnc./(.L__kT)._DL

and'

I‘e B, QO (WD b)/L kT
where Dg b andlﬁi.refer.to the dlfqulon.coeff1c1ent along
the graining boundary and through the lattlce, W is the .
graln boundary w1dth, L is the graln 51ze, 9 the atomlcsrr
volume, .l' 32, k are constants, and ¢ and T are applled
.stress and temperature. There are some drawbacks to this
euperplastic'controlling.mechanlsm,_for it cannot explaln;"
adeéuately the fact that-the.grains remain‘equiaxed andpkeepJ
their or1g1na1 shape as the materlal 1s deformed. |

Avery and Backofen [29] have proposed a: comblned

equatlon that takes into account vacancy mlgratlon creep and

: dlslocatlon clm.mb:.nt_:;,r as 1nd1cated below--

é =a -3 4 sinh(BG)

where A, B, and B are constants at1apgivenftemperatnrespfét-'
~is the étrain:rate'and c-is the internal stress. Many other
varlatlons to the vacancy mlgratzon mechanlsm has been pro—.f
posed. It seems that at very low strain rate~the vacancy '2.

| "migration is the contrelling mechanism [43] but atihigher¢-

strain rates, the role of vacancies is not clearly understood. -

Grain boundary sliding may also explaintsuPerplasticf

'.ity. The absence of pronounced change of-grain snape_gives_t
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support to this hypotbésis,. It is assﬁﬁéd“that the.graihbf
boundaties.act.as a fluid. A.complete diéofder_of atoms.asj.s
in a noncryStallineWState:is approached as”the'grain'size_-'“
becomes very'fine. ‘Orowan [52] has suggested that the_u"

straing rate would be

€= BsdQ“BL/kT.

. “

~ where tbe-tefms:have{beeﬂ deffh%d befofe.f'

The full explanatlon of the superplastlc phenomenon
using the slldlng crlterlon has been questloned from the b_,o
_'fact ‘that not all grain boundarles can move withOut causing
.some graln deformatlon._ It has been suggested that dlffu510ng_i
along graln boundarles could accommodate the materlal at the'g{n
' trlple p01nts to permit slldlng, as 1cng as the graln 31ze |
is about 1l ym [42]. ~Not much attention has been given to’
Ithe type of boundary that slides. In fact,'sllding between
two grains of the same phase is more llkely to occur because
diffusion will provide for the accommodatlon_and stress
relief. _. | |
.-:.édperplasticity has also'been;explained'as.a dynaﬁic—;,'"
‘recovery pfocess. The'idea.hascbeen tbougbt taking hot:_
working.operation as reference wbére_éohtinuoﬁs reérystalli?:_
zation OCcprs. ' There is much discuSsicn'whether'recfystalli-_
zation occafs COntinuously'during hot wo?kiﬁggbbit is knowh .
that some materials do.not recryStallize_untii.after'theaﬁ

strainihg'is.stoPped [43]. There is'no'eVidence to'indicate:“
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that hlgh Straln rate sen51t1V1ty lS assoc1ated w1th hot
_ worklng.- Contlnuous recovery of superplastic material has
not been proven, and only metallographlc ev1dence has been T

- reported [43].

Survey of Zn-22A1 Experlments

Most of the research 1n superplastlc alloys has been
centered on Zn—22Al experlments by cold worklng, hot worklng,.i
' bulglng of sheets, blank formlng, corr0310n re31stance and
many others. o _

| Nuttal studied the.béhariortzn¢22hl“as qﬁeﬁahea'aha'"

rolled at room temperature [37] It was found rather

amazzngly, that both hardness and ten51le stress were reduced._':

with increase in roll;ng.reductlon.- The mlcrostructure was fﬁ"

elongated in 'a similar manner to most metallic materlals.-
Hoﬁever, the tensile test'indicated that;the-miqrostructnree
shape"and size does not'chanée. This;again'indicates that
.snperplasticityeis also associated with low‘strain rate
(viz tensile.testing) Nuttall also changed the graln size
and- notlced that as the grain 51ze was lncreased the loadlng_:'
eontlnned to increase with straln.. But for the flner grained
‘material a decrease in lecading as strain lncreased_resulted,-
It-was also observedhthat aging at room temperature...

could affect the material properties. After ten days of

aging it was found that cold rolled matérial_cbuidjbe_eiengated".

[,




._230 | .:_ s

more than the materlal that was aged for six months._
Stamping experlments w1th superplastlc Zn—22Al were performed

by R. A. Saller and T. L. Duncan [44] They found more.

evidences concernlng the very high straln rate sen31t1v1ty

of superplastic alloys. They were ableﬁto make_e stamp;ng__,'

tool from Zn-22al1 by using'a coin pattern and a small disc

welght capable of deformlng the Zn-22Al at very low straln

rate. - The éeformed parts could be used later as a tool to

_make an 1mpre551on in c0pper u51ng a hlgh deformatlon rate. .

This experlment reafflrms that the flow stress of superplastlc-

materials is hlghly dependent on the straln rate._'

Experlments concernlng bulg;ng_of Zn—22Al_sheets'heve

also been conducted at 250 °C [45]. ;The variation of the

mean strain as a'functibn of grainesize, and preesure,'were d
studied. It was found that the bulglng characterlstlcs dld
not change appre01ably with pressure over a llmited range..'“
of pressure, instead, variations were-assocrated.w1th grain

size. Bigger elongations and better material distribution

s

' were obtained with finer grains. Also,surface roughness of

the formed parts increases with grain size, as the strain
rate sensitivity is diminished. . | o
Defermarioﬁs involving severe varretiohe'inxstrain-'n'
rate, sueh'as forming a sheetnaround eolidbprejections and
wires, have been recenfly.srudied-by Underﬁood,séoﬁez;.end

Ueng [40].




231

REMARKS -

_1f The flow stress of superplastic materialsxis

very sensrtlve to the straln rate, but not to the straln

level. = The deformatlon of the materlal is very

unlform, exhlblt no necklng under ten310n, and the engl-';
neering straln is 500% or more, before rupture takes place.
2. Superplastlc alloys are st111 in a development

stage; but some alloys, -as. eutect01d Zn—22A1, are flndlng

more and more 1ndustr1a1 appllcatlons., 7‘

3. Superplastlc materlals can be used to

_advantage, espe01ally in the manufaoturlng of complex parts
- from metal sheets or billets. - Nelther the degree of fllllng

"nor the reproduction of details are matChed bv conVentional~f-'

materials;' Production cost can be reduced as an assembly

of several standard components is replaced by only one part

made from superplastlc alloys.

4, 'Superplastlc materials are fouﬁ&'toﬂbe Very”
useful in tooling, espec1a11y in tools for rnjectlon moldlng.'
5. Ceramig, alloys, and srngle phase superplastlc

materlals have been reported. A COMMOT] feature to all

| _superplastlc materials is that they have a very flne grarn. o

.For this reason, most superplastlc alloys_haveqa eutectlc-

or eutectoid composition.

6. -Superplasticity is ohly observedlin-aerange of_'
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temperature ahd.etrain rate tﬁat is eharacteriStictfor;eaCH;
-allby;' | | T “
| ﬁ.e Once the parte are formed in- the.superplastlc
_ condltlon, they can be heat treated to restore de31red ;ﬁ
mechanlcal propertles at room temperature. _‘

8. The mechanlsms to explaln the superplastlc

behavior of some materlals is not:fully understood. Graln e

. boundary sliding, vacancy migration, and dYnamic'recovery

- processes have been suggested as p0551b1e mechanisms.e.“'

9. ‘As superplast1c1ty is: characterlzed by very flne -

grains, ‘in the order of 0. 4 10 um, 1t is eXpected that

crystalllzatlon takes place by homogeneous nucleatlon, as

it is the case for Zn—22Al where a; splnodal decomposltlon'¢f'“

’. -

'_reactlon occurs.r
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