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ABSTRACT: This preliminary rerort rresents some aspects
of the physicail and sngineering principles as presently
wniderstood, for the dasign, assembly and inspsction of
adheaives bonds and for the testing of sdhesives,
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This is a Preliminary Repcrt 1n which an effort hes bsen

. made to compile available infermaticn on the physical end
sngineering principles involved in the designm. bcné%ngz
inspection and testing of adhesive bionds, especially of
those tyrpes most freguently us>d 3in orcasnse devices.
The literaturs in this fileld ie frapgmentary snd inadequate
and 1t is hoped that valuzble exparience sbisined by the
users of this report wi1) be muds svailable it the authnrs
for incorporation in subsequent revisions, NAVORD Report
2273 (Restricted) is a companion to this Report and contains
engineering data on adhcsives and cdherands $n lnose leaf
form for use in specific adhesive bond design problems
&8s well a3 sbstracts of government anid commercial speclfiea-
tions on adhesives. These Reporte were prapared at the
reguest of the Bureau of Ordnance under NOL Task Relb-450,
sntitled "Adhesives for Urdnance Use", Large segments
of the field of adhesives technology remain controversisl
to date.  The cpinions expresssd in this Report are those
¢f the guthors snd are published for information only, ¢

. The Laboratory wishes to express 1ts sppreciatisn to
Dr, G, M, Kline and Mr, F, W, Relnhart of the National
Bureau of Standards for granting permission to reproduce

. their valinable paper on "The Fundamcntals of Adhesion"
which had been putlished earlier in "MKechanical Enginsering” P
end in the "Paper Trade Tournzul®, \
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which 4s a first oider approximaiion sssuming small ~trains
and ahich 48 useful with sime ma'aie, iz not apprepriate

for use in the design of an adhesive bond in view of the
visecwiastiec properties snd non-linerr siress-sirain rels-
tionships whieh sre chavacteristic of ell hut the most

brittle and highly crosslinked po;ymoriﬂ suhstances from
which adnhesives are compounded, From & statistical view-

peint adhesive btonds exnibit distrihutions of mechanical
strongths whioh ars cesttared mare widaly than those

obse;ved in metals for reasons which are not well under-
gtood. Lastly, & material mey be tested 3s an adhesive

only by tes ting a structure sontaining a bonded layer of

the material, the stress distridbutions in which ars not

yet defined, In fact, ihe actual mechainlcal strengths of

materials in a bond vannot be characterized except in

terms of tha net strength of the particular assembly tested,

and adhesives can ve compared only br somparing the perform»

=2n¢o of givern bonded assemblies,

In view of the difficulties associated with the chemical,
mechariecal aréd statistiecal aspelts 0f the technology of
sdhesives, togetcher with the limited market for adhesives,
ne grezy ef{ort has besn applte& by industrial interests
T e v

towzrd the develapment of this field vary far beyond the
statvs of an arc and the developmen: of Improved adhesives
has b-sn to great extont a "eut and try" protess, with grest
r8llance being placed on consumer acweptance for further
directicn of chemical formulstiorn,

In turn, the engineer is fcrecad ‘o approach his design
problems in o similar fashion, using his best Judgnment as
to the materials, processes and geomeiries 1o empley and
eva’uating ris decisions by studying the performance and
raliatility of the finished =tructure, From the ordnancs
sngineer's point o7 view the malu drawbackes to the use of
&n &dhesive beond 2naclude the revutsi-on of adhesives for
low reitability, the relative backwad.ese of the technoloev
of adhesives an5 the scarcity of usslul lnfovmat1on sn the
thousands of adhesives which are ava'llavlc commereialily.
However, the advantages of adhesive honds over mechanical
anrd n*how nmaans of attachment. particuiurly the ability
of an adhesive to spread streszes in a weak struetural
material and to bear heavy loads, toyrether with dielectric
characteristics, sealant propertie« vud ense ¢f fabrication
without vibration or shock and scmef ' mes without heat
maks an adhesive bond stitraetive tc ths ¢nrinesr and {mpel
him toc muddle through a bond desipgr despite the attendant
uncertainties,
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practical i1mportance usiang the thesry Ceveiopod vy Goland
and Relssner, the resuits of which are included in the
Section in Addition, the various *ueories of strength
fractice and creep are discusded brisfly in relatlion %0 the
behev or of adhesive bond.

In Section 11l the authors have set forth a Tramessrk
for a systemetic approach to the design of an adhesive bond,
which framework is now in the process of ‘evelopment at this

labcrntcry“ Tha srvetam 4= inonarahle (n 4ts nrescont form dua

The zystem iz inopera present form dus
to the lack of sccurate descriptions of stress Aoncentrations
in sdheasive bonds and due to a lack of definitive data on the
statistical dis:ribution of ztrength after exposure w service
envirenments“ However *t 1s presented to show rhe trends in

as furtler researsh and development is carried out. or the
immecdiate assistance of the design engineer practical advice
is given regarding the many factors which are iavolved in a
design problem.

In treating the topic of bonding crocesses in Seetion IV
the sutject has been approached in a goneral way, covering the
available forms of adheeliyes, spreading techniques, the
gssembiy of the bond, the application of {orce and the heating
of the tond. Qnenifz directicns for the use of proprietary
adhesives are set forth in the conpanion rerort along with the
propertiss of the sdhesives,

Test methods and inspection prcvedure~ are described and
diszucsed 1n Sectlion V, the gim beine “o ac¢qualnt the engincer
with those methods whioh are available and with curren% opinions
reiating to thair thesry and 'n’iﬂ‘ty a8 well as to discuss the
usefuliness of the data obtalnable by this use. The incpecticn
of 2ompleted bonds is discussed and Lhe various methods which
e va been proncse’ for this purposze ara dewceribed,

A glrossary of teims 18 given in Sneficn Vi, This giossary
was devaicped by the ASTHM Committee D-4 on Adhesives and has
besn modifisd by the authors 19 a wmine: extent as dicisted by
slraumsisnuas,

Said

| I'

ion {1, THREORETICAL BACKGROUND

Ine Fundapentays oL Adhesion (Y3 | g, . Kiine'?? and
¥, v. neinhart” <~

The most sigaificant Jasztor 10 adhes! o s the meleculatr
T 3 ’

atvrraction OpLicu)Ve hetwean Lo 24t meqnd ;uc Lo schecive,

&
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This paper was published in “"lhe Pepar Trade Journal"
in 1950 and s reporduced with the perr‘ssjon of the
authors.

{2y FNationsi Barerau of Stundards, Washinston, D Gy
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There are many pnysical factors which affect the strength ¢f
a boné by determinling the closeness of contact of the adherend
and achesive, by altsring the surface area invoived, o>r by
influencin éhc stress conditions in the joint wither as
inftis_ly formed or under extsrnal loading. Although some
af the sirength of a bond between an adhesive and a porous
surface can be attributed to tendrilz of adhesive mhich enter
the pores, this mechanisal irterpencetration can not azeount
for more ithan & smail fraction of the jJoin. streagih.
Evidence has accumulated from many pertinent fields whiceh
indicates that moleculiar attractive forees are primarily
responsible for the bond between any two surfaces,

ine iypes or cnemical boikis lnvolved in specific adhe-
sion will be reviewed first in this paper, folliswed by &
discurssion of various physical factors which affect bond

P T X 3 NN
DV iy LD

CHEMICAL FACTORS IN ADHES]OW

11 considering the chemical and physical phenom2na
invoived in adnesion and cohesien, four general types of
chemicsl bonds muast pe recognizeds electrestatic, covelsat
and metalllic, which ars referred to as primary valence bonz!sQ
and recldual honding attraciion foressz, cummonly known as
van de: W¥aal forges, which are referr 10 ag Be¢gondady
va.lenge bornds.

PRIMARY BONDS

Flegtrostatic bonds., Electrostatic or polar vonds
are the type which act to hoid tcpether the atomd in zcamon
salts, An element immediately preceding a rare gaz ia the
pericdies table 15 stronely alectironerative, whereas one
immedietely following it is strongly electrepoaitive. Thers
is 98 tendency on the part of the reactive elements to chenge
their confipurstions te cenform witin those of the rars gases,
wiiieh sfe remarkably fnert, Thus, an etom of potassium
comdbines with one of chlorine bty means of an electron trenafer
which results in the configuration of argon for =agh.
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By means ¢f thic¢ mutual clalm on th¢ transferred electron
oi. * .y 1ons will remaln closely a;soaieted witl one another as
¢ ase_ .. chloride. This acsociation 27 Ye interfered with,
nuwsver, as by colution 1n water, in which cese the potassium
chloridz will dissociate into chiorine as a nn°Af1ve ion and
potassium as & pesitive icn. If the water 1= removed by erazs«
ration, there ions will align tnemselves to fo"m a crvstal
lattice. In such a solid the attrz:tive forces bhetween the
oppositely charged ions, except thoss on the surface, will be
satisfioa. However, in an amorrhous solid =cme of the aftractiv
polar forces will not be satisfied because nf the random distri-
buticen of the 1lons.

Zo--velent bongds. These are the type which act tec hoid
topether the atoms of carbon, hydropen, ané other elemznts in
organic compounds. It 1s alsc this type ef bond which holds the

atoms tegether 1n diatomic gases, such as chlorine. & co-vaieng
bond 1s one foruvied by twc atoms sharing electrons in such s way
]"‘«‘\l“ ThP =Lani ""’ oY each in ztizining tnc rare

as bD At cCourn
gas coniigur

O, nua, in the chlorine molecule each ¢ton
recuires =n

v
~ 4
ALt
electren 1o complets its outer shell.

WLIC ’a ' L s
«CL it 7 CL’ s ,,CL CL
t % s L re
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In this moiecule the nusitive attraction of the nuclevs of eacll:
atom ¥ equally grest on esch of the two nepative charges of

the shaerd palr. Bubstances formsed by such bonds do not itontze
in soluilen. in the case of carbon, it has an outer sheil of
four elactrons which tt wiii share in cc¢valent bonds with othes
atums Lo obtain a stabie outer chell structure of eight e.ectrons
In =tab.e gas methane 1t shares an electron with each >f four
hydroren atoms

s (2 ]
. (;t JH @ - e -H.: qq :,H

In the . rvcstaiilne form of carbon (dis»~ . i 1t shares an electron
with each of four other carbon atoms,

Trieere 1r a specla. tyre of cou-vaienrt bond whlen invoives
sharing vt =2lectrouns by an atom 1n a normally stable compound
with otler atons. For example, the zulfur atom in Jimethyi
fulfide has formet two normal co-vaieni bonds with two carbon
atoms t¢ bring atuui the compieticn of _¢s fuil conclement o
eight e ;ec¢trons in 1fs outer shell.

0
o 5F I -
H3 Cax i; i CH‘j == e H_'j c -S “\JH3
0

Bowever, thic cempound can take on twe oxygen atoms to furm
dimethy! suifone; in tiiis compound the salfuar etom is shering
four of its electrons with twe oxygen atoms 1n addilsion tou
csharthg Its ¢ ¢ two electrenas In norinal co-valent bende with
carbon Such hends formed in normalliy saturated compounns are
ceiled coordinzte co-valent bonds.

This same mez2hazicm 1s + ¢ to exviain gnother phencmenon
pecarrire 1n orpanic molecuales, nameiy, the c¢helate compounds,
The pecoilar prupertlies of the hydrave of the sodlum derivative

i benz.yl acetrone 1ndicate tnav this subctance may be repre-
sente’ ty the formula

C My e D e 1] CH,
e - N P
% J
\\ 14
N
AC VA
P %\
oLt N
= \
o \
4 ~~ ',” \
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in which the arr¢w indicates that two elecironc are contribute:
by eacl: such nxyzen atom., It «*3]1 be noted that in effect seven

eloctr:ne are h.:,r::r ahnv-af‘ -'I+H th(\ eﬂﬂl(nm atrm to gi'&!n Q*’ an

outer :.hell structure of eight e*vcfvone. If the vwo molegiler
of water w:r2 present as water of crystzilization, the compound
shouid have the same chemical vroperties as the annyd:sone s&aat
is inscluble in toluene, whereas the nydrate is soluble, 1ndi-
cating that & differ .at compound has hbeen formed by coordinate
co-vaient bonding with the water mo.ccuies.

"l -

Similarly, evidence indicates that the phenoiic hydroFen in
sallcy)a;dehyne is itself linked to the axypen of the aldehyd=
group Yty a coordinate co-vilent bond.

™~ / J\x /l,"'
g o PP

T
This leads to a very important case o” this type ¢! bonding --
ngmely, the formation of hvdroeen bridges between molecules.
¥any Qubst&nces cont 17157 hydroxyl groups exhibit this strueture
and even water has been ehown to have a trimeriec structure in
lce, Thus, ccordinaie co-valent btonding may be arn important
factor 1In adhesion between substances comtain 1ing hydrozyl or
ireiated groups

Ketalile bopds, A&c the nawe indicaver, these are the type
which hoid the atoms of metais together, A pure meta: consists
of a crystalline arrangement of metell lc cations with free
electroﬂb zovl ng in the interstices in a conuinucus set of
energy levels. Thus., a metal structure 15 relatively homogeneous
and nonpoclar . Howeve*, because of 1ty ftreely {iowing eiectrons

e nmetal has mirror image force- - :ouai i 1€s surfaces which
are osury o wwd fn owiloe Lo n oow feope ¢ 0f an adheslve used
on ¥, Thesasfape, g e i .0 1 gegp 7818 are corcerned, an
gadheiv> mould neve =5 CranLs 2 Pint oy Yor a metel ¢S 1t wou;d
nave - a material ¢ para-:i. 0 omat = Lo iIts oen

SECOKDERY BUKLS

Va.x der Waz2ls forces are resronsivle for the so-called
secondary bonds betwean substances as contraxted with the primary
bonds «- eleectrastatic, co-valent gnd metsllic -~ which are
based 01 the rotent forces of atiraction hetwsen gstomic nuciet
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and orjtal elertrons. When such primary poinis oic fomned,

tre roiitive and nepative charpges of the particivating atous
are no. completely neutralized., There remain in many molecules
resjdua !l enerpies which are very nearly of ctable bond forming
mapnitdies, Van der Waals provided equatiore for caleulating
tre smarpitudes of these residual attractive fourees feor ala

subetaices, These forces are gzreater fer the molecules of com-
peunds than for molecules of eiements or Ineri atoms, thus
irdieafar that unecual Aistribution of charper accornt; for
i lacger residuaal force fiesld, The mire afymnetric the roie-
cule, ‘he greater the Van rer Janls 1““\9“ WIL) be. These
seconinry bording forces are of concidera®ls rispificance in

the adliesive hehavior of cormpley ruhrtnnova.

an der .Jaals forces can be attribuisd oo three i terant
effect: {1) the orientation effect of rermanent elcetric
dipolp' (?2) the induction effect of permanent Aironles on
polari: able moleeulesy and (3) the disrercion offect of interns!
electron motions indepenﬁe it 07 dirole nowents, There offects
can be ketter npdercteod hy concidaring the peomziry of mole.
cules :nd their bhehavior in an ziectric feld.

Ovientatior forces. Moleculinr in whiceh vhe genters of
me<cs gf the jo }th and neprative charges are not \1nC'de:c
s

becauss: of ssymmetric internal struecturs Fosress
mement. i.e., vhey have an electric dipole. 1I1n tfe OPanjc
field, molacules containine cxypen, nitrcpen, fnl’ur, and
haloseu atoms nossecs parmanent olecxri: dipogoq. Suvch
molecu es temwdl to orlent themselves in 2 uniform electr..

fielj, attamptiry te align themselves with the diuslie axis
rarzLllel to the diregtion of the fie2l1d. FEven wlthoul an
aypllet ﬂ1°~t" ¢ [fleld, dipole rwlestles tan exert an orienting
infinehce 3 s'milar woieculers Ly atiraction helwesn Lho unilke
roies of aann.

llﬁ}uct';en forces., Modecvic., thich do it persers u

rermanent dipc e momrant  wilth Llie exceptieon of the irnery reses,
ray oe roiarired by placine tren 1n 8 uriform slectriz vraid
ince ther2 tus 1wles are rroaduaced anly by Lhi external I1eld,
the ma genice Lre sgtd ~o poceers fatuced diyole woments. The
permancnl 3ipe e of motner molean®» can serve o Indice whe
vigdd., The diszcls moleewles aiv, + T Jour®e, 2180 yélip: nen
addizienally hy che 2teraa’ elecivic Fleld.  Theos odueesn
fore:s are g1 gomanrd w1h e ariertablrcon b g cpursion
forcess tavorve n creondary torns

Cramercien Toress, Forcez o witraetin. exi evell Deuwen
atoms ¢ ¥ the Iaet paver In epfch iarre ©° “rhoeien avxvrtry
af’ i shaope Ritle R Iedice e el ampudes Wy VR
sEfaI% . ThE- o figr Jreer it 4Rt 2P LIPRLENRYE 5 CEp
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iateoractions always occcurring betweea:n alectron sygtems beczuse
cf constantly shifting eleectron positions. They are present
in all molecuies as residunl valence forces, These dispersion
forces are never as powerful acs the orientation forces.

De Bruyne (1) has pointed sut that the orientation and .
dispersion forces correspond, respectively, to those opera tive i
in the hydrophilie or polsr iiquids siuch 2s water, and the
hydrophsbic or nonpolar liguids, such as benzene° The fact
that these two liguids 4o not m{x 18 sttributable to the strength ’
of the orientation forces between the permanent dipoles of the !
water moleciules, agueezing out the adjccent benzene mulecules, 3
Si{milar considerations may bm expacted to apply to the inter- *
action tetween an adhesive and an adherend. In general, strong
jolnts to polar atherends arce nct ¢btained with nonpelar zdhe-
sives, and vice versa, Thus, wood calls for hydrophi ile or
polur adhesives while rubber reQLires hydrephobie or nonpolar
adhesives, Furthermore, nonpolar adhesives s, which must rely
mainiy on disrersion forces, should not be expected to preduce
bonds as strong as those of’ polar adhesives which can possess
orientation attractinns many times greater than can be {roduced
by dispersion forces, De Bruyne cites this az a possible expla-
nation fer the fact that the wost effective method of rubber
bemding sppears io depend upon producing primary bomda, e.g.
oy ths rsaction of sni'ur with both the rubber moleouie and %he
adhererd.,

CHEMICAL NATURE OF SURFACES

A knowiedge of the chemliecal nature of surfacaes 13 necessary
in ordey 10 understand the mechnanism of bond formaticon beiween
edhesivas and sdherends.

Tre suffaces of soiids are entirsly dilferent from their

internsl structures, The simple treatments of grinding and

lishing differ very greatly in their effects on aurface nature.
In metsls, especially ray diffrection patterns show that
grindirg removas qect{eno of tnhe surface without appraeiadble
distortion of the remaining crystal structure, whereas yolish-
ing removes the promontories and derosits maferiaxs ferom Lhnem
in the crevasses, leavliig a smooth transparent amorphous £2im J
known £s the Beiiby layvsr. 1his layer hasz more oi the chorvagter- 2
istics of a liquid than a solid and 1s mueh mere reactive, If,
for example9 & metal vapor 15 condensed upon & pellsh:d mexal
surface, a crystal pattern le first obuu-ﬂqj but on stending
this ckanges to that of a cump1e+ely amornhons structare. If
8 rall 1s hammered into a crystalline surface the amrurphous

10
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strengths because 1) the adhesive does not flow sufficiently
to make gecd contast with the adherend or 2) if drastic bonc -

b aeainte

imr nonditiome pra vead #a moke the adhezive flow to moke con’acf.

AME LA A VALY

the adhesive beccmes too rigld to ralieve stresses devsioped
cn returning to rcom conditions, thus lowering the btond
strength.

KcLaren and Seiler (2) showed that prov'ded the molacviar
weight .s high enougn so that cohesive failuves do not occur
the adhesion is independent of the moiecuiar weipht, How-
ever, it seems reasonable (0 expect that in & cuase where
adhesion depends on end proups, an increase in molecular
weight would result in a decrease in adhesicn,

Holeenlar welght distribution. A& low molecular weight
frastion in a polymer tends to aect as a plasticizer, The
flow characterisfics are ‘necreased, making the relief of
stresses more likely, This effect however, can be carried
too far and result in 3 polymeric edhesive with low cchesiy
strength,

Flasticigars, The additicn of plastieizers to a yoly-
merie material results usually ir 5 dscrease in cohesive
strength and an incerease 1n flow characteristics, By choos-
ing the proper amount and kind of plasticizer, it is often
pos .ible %o zonvert too rigid a8 polymsr with mnnv cther
desirable chararterisficc into § good adhesive. The adéition
of a plasticizer of a different cnemical type may affect
the meclegular forces resronsitle for the adhesion., By addi-
ticn of tha proper plasticizer, it is o?ten possible to 1=
erease or deersase the adheqiﬁn of a swnecific gdhesive-adherend
systen.

Tagk temperature. The tack temperature is related to the
flow characteristiacs and to the moleeuniar welirht of the polymer
in guestion. The tack temperatuce is indic ve of the region
in which the material flows more or less t& iyo Tt is
apparent thet a material which 2 low teck t er
have low cohesive strengt" and one with a b
T B
ur

tack temperatu*e
w11l not have the regqulsite fliow ﬁharaut cs. hnence,
an apparent relution between tack temperac and adherion

wcu}d hn nv;\exn’rnﬂ
Absorbed materialis. An adhesive willl somstimes hond to
only certair rendom areas of an apparently clean adherend or
gond hnonds will be obtained with one lot of sdherend and not
with another simiiar ict. These inconsistent results can
often be explailned by the presence of ahsorbed gases, water,
oil, or Jther materials on the surface of the aoherend which

are Gifficult to r9move and are not visible to the eye. Srezial

clesning, storing, and handling techniuues are often needed
to obtain reproducible results,

-
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Digtridulion of Siresses la Adhesive Bonds |

The prodlex of stress distribution in & bonded jeint is
very important. From preliminary work, both experimentzl and
gnalyties) thsre 48 sufficlient avidence to i-~dicate that there
are high stress concentrations ot the boundaries of the banded
joint, Very little work has been done on the preblem ¢f stress
distribﬁuavuo in bonded jﬁiﬁts wlth the excepticn of shear lap

Joints. The impetus for work in this Jdirsction has Lsen provided
by the alrers’t induatry in whicech the adhesive bond: ng of thin
sheet metal, princlpally aiuminum, offers great prowise of
?at?er Jaer efficiency == eompared with riveting or syot weld-
ing,

There are two m2in factors esusiar hiph stress enncentra-
ticns at the end2 of & shear lisp join. (¥} differPnT181 strzins
en ihe athssive set up by the varving rigidities of tne adnesive
and scherends ir. an adhpsive‘v pornded joint system and (23 hend.
ing moments impsrted to the jaint by che peometry and the pending
rigidity of the system., To pet & physical concept of strains
and consaguenily stresses in the joint, note Figure 1 vhich
filustrates & seation of 2 shear lap jninf before the load is
applied. The adhesive thicknese and joint gzeometry are exag-
gerated for purpuses of visual ciarity. The joint {overiap)
length 13 notated 2¢, the twe joined sreets are considered io
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be of aqual thickness t and are presumed to extend a distance
1l to eitner side of the joint. he loint width, in a direction
normal to the plane of the section shown, is assumed o be large
compared with tne sheet thickness,
L -
E a & ~
% 11 i
; ; r_;,;luVI' rory A ¢ v,i

2V ggan
Cyph

te pt, The

mant ara ¢of

shear iap joint when tensile loading is apriied to the adhcrends,

R ) e SUUPP- S

- S T—‘ - -

Pigure 1

ical section of gn unstrsssed shear lap joint

lcading 1s applied to the adherends as s aniformly
loading per unit length p, This may ba replaced
concenirated ioad per upit length T which is equal
concentrated loading T forms a ecouple and the

ensuing deformation of the joint system tends to reduce the mo-

the souple, Figure 2 shows the shape assumed by a

- 5 J —— - ""‘-.r’ﬂ‘ o . c—— — et
T=3- N o TP o |5
[ R I
‘ e '
F.\g ]l © 2
Shiepe assumed by & shear 13p Joint vhen tensile idading

o A RAR SNy 3 e M G 2 N, T

is up'u..:.ed

18

ey i P

SRR P

Ha

-.
iy

RN

N\

&

Aohatie ol 2 MTRINL .

AW HGAEA NI wiss e LRI 5]

Lo




NAVORD Heport 2272

From the deformatiion of the joint sycsten. It is possibis o
rcte the ioading on the Joint after tenai .6 foading T 1+ arp.ied.
i Fl!ggn‘s 3’ $he T r?4:'\o un the edhesive '&ayer i1s ghow:

bl A ivali d

e e i T
o =
s ‘-'--’
= Sy U I - . — e ——— e -
,.w".-‘ fm ety /
g /l - — - - - T— - !
i o i e =
b‘ ® -v—'r."’.'w ._-"""’
A \ ‘ . e
M A\~
\
Y

B . Figvrm 3
fLgading on a “hear lap . ciint when tensllie losding
i3 appliec

in this gkeiar, wa -an see that the unlt tensile loadiny on the
adhevenc sheet vre .'pe g Cendins moment M, & transverce sheap
wo8d ¥ and a8 sroar s8¢ gor the adhesive Joint If the deforn
etion of the $ofn. I. small, then tre shesr load T7 wii. be
arproximeiely ecua . to the applicd tensile loading T, Thusg,

it 1s ovoscsitle 2 note that te maeritude 5f M and V wi:1 he »
funetion uf the beudipr ripildity of <nhe advmerend system and -f

the 78p1dily of the achesive luyer. 1t 48 alsa poesible tu

nyte thet bath M and V wiil <ause anecouil stress distrivution

in the shear lar jeint. Stesin distribution is the seecond

wajsye fsetor 1n unequai stress distributien, To tliuctrate,
consider ripurs 4 whith showms ap unstra.ned sectian of » «heer

iap joint. The nine arrews ranrecant eapidistand pianc: in tre
adnesive layer reriendléutar ¢, ihe wiane of the joint. #rer
Juading i apnlted in tvis ¢ase nepiee:iny the bendine moment

2 and tre trancvorce shieai ot Vo the deforpgtlon of v e gdresive
Jayes teies tre mnhepe ne chowa i Fipura &, Tr g s filvriraticn,
aPaiﬁ is nishly exavgorvated but seryves to il1lustrate tle
met¢hanits of sihesive ceformat oy ia & .hear lep joint. e cee
that the Icadiay 11 ROt equrals carviac by the entirs coeria

ef the fcint bLut that te rortioir of th: elheren g
iar ares nearsst o tho stpiiwl gading tende to
part of the Loz, This would produce the vreste:
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the encs of the Joint and relativeiy low stresses in the
middie of the joint, Exsmining adhesive planes "a™ and "i"

?
‘ = C—-—-—-q
< =
- -3 ¢ @ _
i 4 B T ? [ 4
| || I |
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e (et i
Figure 4
Shear lap Joint before load is apnlied, Adhesivs
j thicknegs exaggerated
—_ ; |
“’"'-*f 9 ! S N A N
\\\ \\\ Y\ % i \ 1K LY
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~ Figure © .
Sheoar Lap Joint after lcad is appiied {(sfter I's Bruyne)

nnie thal thase plenes not only underce the greatest shear
crnation but the greateszt strain eloneation {See
e 6}, We can thus predict that the ends nct only carry
grestest shear stress but the preatest tensile stress and

*@

m

e
dej
Fi
tha
that the tensile stress of ine adhesive may be the governihg
eriterion of the strength of & shear lap icint instead of the
shear gtronrgih as would be normally expected for the predom=
180l Shesr iuading, Again, we &an concxude that tre deform-
gtion of ths zdhesive lever is a Tunewion of the geometry of
the Joint and the relative ripidities of the adherends and thae
zdhesivs
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Figure 6
Strain Deformation at free boundary edre after
load is appiied

There 1s auple evidence to support the theory expiained
in the preceding paragraphs. Shear lap loints fail at the
more highly stressed sndsj the ends spring apart indfcating
great tensile or ‘tearing" stresses. In addition, ths strength
of a shear lap Joint 18 not prorortional teo the overlap
distance or the shesar lap ares., We can conclude that if failure
were predominantly shear, than the strength of the joint
would de proportional to the shear arsa, Twe important papers
an this subjeet have been published and it 1c proposed to go
into sach paper in detail., The first is the rigorous thsor-
etical rolution of the stress distributicn in the adhesive
laver of g shear lap joint presented hy Goland and Reissner
in the Yarch 1944 issue of the Journal of Applied Mechanics.
The seecne 418 "The Strength ef Giuwed Joints® presented by
N. A, De Bruyne in the April 1G44 issue of Aircraft Engineer-
ing. Tre second paper is beced on experimental data and s
of greet practical valve in the design of shear lap joints,

Goland and Reissner, in thelr solutisn of ine problem of
strass distribution in the adhesive layer of a shear lap joint,
used the following notations, ‘
P = mean tensile siress per unit tengih ol shset 1 psil
% » thickness of shest in inchss
€ « i1ength of overlap in inches
8 z length of shest beyond the overlap assumed %40 he sev-

erai times the jcint overiap in inchies
E » Young's modulus of shset materlal in psi
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Shoet tensilie streas paraliel vo Lhe
Shear modulus of theet materisl in ps
poisasa’ s ratio of sheet material
Young*s meduling of adhesive in psi
Shear wodulus ¢f adhesive in psi
Shear stress in the plane of the adheslive layer in psi
Adnesivo tenzils ctress perpendicular to the plsne
of the adhesive layer in psi
= Adhasive tensile stress ir the rlane of the adhealve
laver in psi
Adnasive thiekness
~ Shaset shear stress acting in planes parallel (¢ the
direction of 0 and
- Sheet tensile stress perpendicular tc the plane of the
joint psi
pending moment a2t the end of the joimt in im, ibs.
Trans"erss shear at the end of ttre 3oint in 1bs.
Tsotal loading per unit length on the sheet in 1bs,
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For a diagram of the shear iap joint, see Fipure 1.,

In order tv simplify the problem, the suthors decided to
explicitly solve fcr the two limitin# qonditions; Cage I where
tne cement layer iz so thin that 4t:z effect on Lhe flexibility
¢f the joint couid le neglertad Case 1I where the Joint
flexibiitty 1s mainly due to the adhesive layor. To give
quantitative relations where these assumntions remain valid,
the strain energy of the 1oint, sxpressed §n terms of the
stresses, s pgiven by

P

] I'ﬁ 4 T -e ) PR 'Y y - y > 3
Vy= Al INKT ¢ Uy . _AM Q7 O ' e 'ES"‘ i P
vl.’c JQ 1 l: L / ""‘./ K Vy }‘ nyj{ ‘A‘.!

&
/ . 2 2
e g s) N f [ T + o ’T" 2 ’:J f
=9 7 o ¥ 1y
& 'éc .i £ e ;o
Por Case I, the work of the stress N and Wo By Lo negiectad
whas bha 91-‘ Vmwmd e srlas AP moocnftdadas rafatlsg L PRI
Trier wea et = " —--w--‘b e wmwe -~ LIANE &4 T LallT ITau u&v. WAL} deeD CQR VADL LT3
Lo « L ) e < ;&..
E-\‘.' & - 6(
and accepteble results should be obtalined whsn:
v \ o P de
g ? (SR < ._l.:‘k.,. A}
E.c o../ ./ 6(_‘ ~ O '¢) @;

this range Holds for cementing relativ-ly thieck wood and
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and riastic sheets. For Csse II, the treatimsnt neglects

the worx of q}and 7y in the s“est as compared to the
stresses ¢; and T3 in the cement and the orders of magnitude
deseribding the range in validity of this approximate thecry
beagomen:

E.. <& e, X< e
s !5 5

ro
’

and sceentable results should be obtained whens

Fed¥e ) s &

these arder-of+magnitude consideratione apply for the tonding
of thin sheet metal. To repeat, these values only establish
the reqlons of validity of the subsequent analysis of the

twy limitirg csses.

Before attempting to solve the stress distributicn in the
csmeni joint for the two limiting cases, it is necessery to
establish the loading on tt2 jeint (See Fisure 3) &n deorus
of the mear unit tensile stress on the cheet, {n termc 5f the
Joint peometry. and in terms of the pbysical charecteristice
of the muteriais

The precize nature of this relationship is expressed in
the following equations:

1 8
M, = _&E&__ = _.K._."i @
VR SR Py @
WHERE
o rEaEeT .&-Jvé-l
sz COSHiIv @ X E ol o
fiz= i et os o gt o SRS |
] ol / e 3”’“ \’ -
(.05 g V’ﬁli’éﬁ . —?; ‘\_I%] fd\/e .'J!Hf‘.g ’["“l‘:f“l’ ‘”: \'/ ‘}?-“ _li

11 =an we suell Lhail the facior K is non-dinensionel asnd is
db;erﬁ‘1t upoii the sheet stress, the joint dimeusiens and =be
physi¢a i pronertias of the unaeL; K i2 deseribed ty the
authurs as the joint moment factor. For any particular joint,
all values of the joiat parameter S{ & are fixed with the
excepti"n of p- A grophical rlot of the relationship betwsen

¥ amd & \’€ 43 shown in Fi?ure T
23
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Figure 7 5
Piet of moment faetor K versus—; j-—%}—

Trs physicsl meaning of this relationship is quite clear,
As the sheet stregs p is increased, the value of K desreasss
indicating that the bending moment imparted to the jcint
Gecreares; in other words, the deformaticn of the joint is
such trat the moment arm of the applied ecounle decrasses.
From tle curve, it is seen that a practical lower liuit Jor X
is 0.3.. The gransverse shesr load was found to be guita
spall ior the joint systems with reasonsble overlap. The
transverse shearing foreces are never in excess of 0.02T in
actual joints.,

i se | Sqress disxﬂibuticn in_an _Adhesively Bgnded Eoiug
Igr Re s ﬁivg]g Infl Cement Lavers, For this anal ys‘s,

T tne thickness c* the a esive layer in the Joint 1s exeged-
ingly .mall eompared to chet of the sheet, the presence of the
adhesirs can_be ignored in the calcuiation of the stress dis.

tribution, For the purrose ot the &4nalysis, therefore, the
doint can be epssumed 1o consist of a homecreneous slad of
vuJQkﬂ'ES 2t, iength 2¢, large width and of the same phyiical
pwopor"les thrcuzhout, It 4s tc be noted that this ireatment
is vai‘d even for cement luvers of appreciable thiskness,
provid:ng the physical rroperties of the adhesive are at "toast
the sane oruver of magnitude as those of the sheet material.
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_ ihe Toads Lranspitied by the sheet to the edges of *he '
Jolint have been determined in the preceding paragraph. They 2
ecnsist of a unit loading p evenly dietributed over the sheet .

cnrss section, & bending moment Mg {poar anit of Joint width) %
. and a =mall transverse shra; load Voo This trensverse licad i
Vo will be nagie;’tadn It §s also assumed that the moment K
Mo will impart linear stress distribuuiono This latter b
assumptisn impllies that the joint remains plene near the y

edges ¢l the joint. Tests on spot weided joinis confirm
the velidity of thise assumption. j
3
ine preblem therefore resolves itself to the so.ution k.
of the strein in the mid plsne of a wide rectangular slad H
of length 2¢ and thicknuess 2t with londing as shown in #
Figure 8. A
2P - ju 1
1.-_, ] - I - Y ”;
] Ft }."“)"1 -
e 4P | ﬁr’ -
) ! el e 1 .
r C ira & "«!“ ﬂ._:
, 4

x

Figure 8 d

Diagram of joint with relatively infiexible cemant
Iayer K z 1.0 “

This problem cannct de solived directlys resort §s made
to & method »f sporocximatienz which appears quite labcrious
&ndé must be soived for each porticular value of K, Tre
sa}utien_fnr thie zase where ¥ » 1 13 shewn graphleally ir
Figure 36, 1t zhould bhe noted that for “"“pcaca of peneral-
itv thez siresses are presentec as a ratic of the shesr and
Lﬂﬂ“laﬂ siresses in ne aonaalve layer to the arplled unit
strese >n the sheat and that absissa 18 vresented as & ratic
sf the Jdistance {rom joint edze tc the sheat thicknes:s
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Figure 9
Stress distribution along sheer piane in joints with
relatively inflexible adhesivs for K 2 i

The curves shown ir Figure 9 confirm the fact that

vary larpe siress consantrations are present in the adges
Gi the adhesively borded joint, 1% is very interesting to
nate that the tensile stresses are approximately five times
greater then that of the shear stress, This explains why
shear lap JOLDﬁ specimens bonded with “ela*ively tif“ adhe‘
§LVU§ b!ln" dpulb J.ﬂ LHHBJ'.)KI ai.. '!a(f 6‘_505 uuue.r )] LUIIHJ..LU
load. It 4s alsc intsresting to note that a small change

in joint reomeiry mipht preeviy reduce the magnitude of the
stress concentration sush ss filleting op beveling the edges
of the shes#t on the shear lap leint. This is co~mon practice
in machine design for a so0lid homogenecus material,
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It is recsognized that the peak values of the stresces
at the adhesive isyer shear plane will change with the fscter
K. Figurg 10 shows this variation by piotting the maxinum
values nf the caznent stress as & function of K.

40 fN » "
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Figure 10
Maximum stresses in shear plane for joints with
relatively infinxible cement layers plotted varsus
moment faetor K

1t ecan be seen thet for a chsage in K, ‘nhe teanslle
stresses reduce much more rapidly than the shear stresa
which remains relatively constant,

Case II Siress Distribution in Joints fop Reisijyeiyv
Flexible Coment lavers. For this gnalysis, the £silowing
sseumpilong ars mede. The trznsverse normel stralia and the
shear rirain in the jointed sheets are neziigibly small
compared to the corresponding strains in the cerent layer,
Azsuming that the deformation of the adherends are due
solely to the longitudinal normal stress Ny , 1t 12 apbareat
that the sheals may be treried as cylindrical bent piates.
where as the role played b the adhesive layer is analogous
to that of a system of infinitesimal ecil spring2 positianed
betwesn: the twc plates, Figure 11 represents the profile
of the cemented joint showing the load aprliecatien in terms
of longitudinal stress distributions on the edges.
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and
e f & a0 r, ] 1 ” = ; = A )& )' :‘-‘
, Splads L N4+ K COSit ACOS AjCOSH A<} @
N ¢ i“ - . i
+ RAEP + AKSINH A SINA) SINH A-E SfN)\“é‘}
anere A =N -%.
N
Ri= COSHASIN A + SINKH ) cos M
Re= SINHACOSA -~ COSKH ASINA
Az (SINH & A + SIN2 N
g= 88 . L.
A 4
K= ....._..,.Cﬁ.ﬁ.d.&.&f-
COEH AlLC + 2V2 SINHALC
K'= KE-VE BT &

Equation (6) defines the variation of ths shaar qtress
as a3 function to tne aprlied loading "p' and the cistsanc
"yt fronw the center of the jecint for given joint paramsters,
%33t*or (7, defines the varistion of the normal stress
" (sometimes raferred to as the tearing siress) as g
lanbii.'ri?. ol the appiiad loading "p7 znd the dietanza ¥yt
from the center of the joint., 7The eraphical representution
;® theue relationships are zhown in Pipure 13 for plivan
conditicns
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Figure 13
Stress distribution in adnesives in jJoints with
ralatively flexidle adhesives layers
Tha masimun velus for botl the shear and the nocrmal
etrecunz sara found at the edee ¢f the joint., The maximun
stress csn thersfore be ziven for the value x . ¢,
for shseax
Tlmmel g o o (g (e3K) COTH B R+ 3 (-
4 % ¢ j_ v [ A
for normsli tensiie
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Both equations (8) and {(3) can be represented grarhileally as
functiotis of the parameters of the gystem, Figure 14 15 &
gravhical plot of the maxlimum shear stress,
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Figure i4
Maximum shear stress in adnesives with
relatively flerible adhesive layers

fMpure 15 48 a graphical niot of the maximum normal
stress.
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Maxinmum tearing stresses in adhesives in joints with rela-
tively flexible adhesive layers
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ﬁ.

™is thenretical snalysis, in its preseat form, 13 far K

too complex for practicsl usepe. It does serve to point out )

several interesting conclusicns: i

E a, Very great siress concentrations exist at the A

adges o7 a shear lsr joint, JE

b. Although tne shear lap joint iz in shesr load, the y

predominant *t?if“ 25 2 normel {taaring) stress » Thia -9

is coreoborated in aciua 1 test, é

S

@, On¢ of ths mecst lupertant parasmetecs of the shear ';

isp loint is ithe ratic ¢ft whieh is the ratio of the joint 4

crerlian o theo 4hizknsse of the choed adhevend. =

.

4

we

To demonstrate the use of theye formulass, the followling i
aypbthn*ical example of an elrersft type joint “ig analyzed.

With the adhesive area 4ndicsted, this joint would be expected ;

ta ‘a“‘l at 8pp‘aa\v4ﬂﬁ*nlu 19‘\?\.&' *Qt!‘..‘. lged end "‘he gvnrage g

adhesive stress at the £ailure would be 2000 psi. 3
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Figure 16

Dimensions of a typical lap joint test specimen

hc ends, Stainless steel
hes 1Ve, z phenolic pclyamlde -004 inches thick

cumparizineg tne adhesive and adnerend provertlies using tue
3ymbolz defined on page 4, section 3, we have

p s+ 39 x 303
. o= 0932
¢z L2
32
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Eveluating the ratios % g Ec o & 8id aj it 15 spparent
that the following relationship hoids which classes this
10int &s one in which the assumptions in Csse II hold.

3 ! Q L) i p
_E'_ < =45 ”‘% Rl ol T
? C
Tensile ard shear equatiens for Case II are
P i o W M —2
2 : - COSH O T _., .
Shear . % - . IR -G i'lH:;K P + ‘U'!‘\}?
S B {7 T v BiniH 3 3~ ;
N - /

..

\

2 = IF a
) Y [ ~ i (A ] vt s
Tensiie - [S1 L /g XK & MK COSHACOSAJCOSHA S Coing-
rox - )

-

5
4 Qe g S E . v " hd
+{RAE - AR SR A SINA) SINH AL gin A&
P e particuler joint, all factcrs 4in the above eguations
.8 constant exgcept the terms involving X, therafore the
gonstants common te beth sguations may be evaluasted ac
defined on page 7%
4 LG -l :
4 . K3 . -
“ e B b £ SR k. 4
b 3‘_"‘“‘(‘ T Inx i Qug T ET
“W s €0
FE T A
Y. & T N 212 L " g
Awhden 835 25z 8706

H= COSTASIN A + GINU A COSAR(3C?TH 6431530 TTH-TEE 7 i= - 27678

1

- g N v & o~ “._' -y - —pp g S - oy ] o e -
o= SINH 3 COS) ~ COTHA EINA = (307 ?}(*‘, 68 7)-(207 7] { 6431= 43352
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ko e E
Rl

e

N ofo (SINH Y ¢ SIN ZA) = 9480750
e 5
I
p=y | 288 =\ [8x48xi073032 | 5
R VA T \/ 30xiG* x,004
T T or 0
UL T f?-\'"-r~“~“'-é& f . = .\/ﬂf_gzﬁv L3l fIEXIQT 3y
2 Ly 2 +\ ¢ T 32 2 02z\| 30x 105
' H
o COSY M:C CoSH 1 N7 x 218 = ATE
’\ﬂ jEoe ;= - - - - A ' v A% - ) ’
CIOCHAL CvEvVL \:'Nl-',.ul.: &OSH;\t:(k'.::.?.fav SINM iEuzid
" P -~ } — &) a2 ne -
if = I3 = e = 4R 91' 303 é&ni&.- = o, 5
K= 1\ 30V - % 4,.,,\! (1-d03 ) sy . £ = 21
Substituting these vaiues into the tensile and shear equations
and evzluating the rezsining constant ferms, we have
For the shear eguation
o = - 3582 C05¢ 34%- . 7860
Far the ta2nzf{le eguation
o = =2.648 COSH A £ COSAL -~ ORI SiNE K Sin M
Keasvring X from the center of the jeint, values of Ts end
Ta are computed and "hown in tables % end 2 and ars plctted
grarhizally in Figure 17,
This joint faiied at an apparent shear stiress off 2000 palg

deternined Trom the
grre= elosely with

thurefore, the averape shear siress as
vhear s% esn G;SL?ibuu;on curve shoulid
apparent shear stress,
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< o (,-C
) cve Tp / l;fdi“' = %ajwcHﬁ}dx* 19,5‘ dxX

T~ 10.23 5INH 547 -786

To= ~1214 =786 = -2000 ps!

4 ' reie

it Sl -

"
CETIRY

.

The average tensile stress may be determined in 1iks
manney,
< e
boe Uy = / ﬂ%ﬂ = - 3648 '[cosu A% Cos A-L dx -.c8g2 zNHA{ésmA«gdx
Py - L9 "
b ° 1, O

- i_é_._e .SL [éwu ,\{ \os/\4 + COSHA VAJI:]L

< s
2«%@3 ,./\ (,osu Al& <m,\‘} S;MHz\l COSA ’l

casg | "
5 —LLQXZ-‘LE!NHACOS/\-MOSHA S!N;\:]_- 044 .Eosw SINA= S0 w}

!
—

]

- ()09 ”7) ("7557)4‘ (307 ()664' )’ oS "“(S\J/’ '/6 ja} {)O 7*1"‘/_;’{157})

| e s

)

= TOT4-2z2.15 = 545

AVERACE TENMNSILE
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TABLE 2
AR STRESS DICSTRIBUTIOR IN A TYPICAL LAP JOINT
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Fiom tgobles Y &nd 2, the ghear stress at the ends of the
joint was found to de 7462 psi and the tensile strese 8420 vsi.
These stresses vcecur in the plane of loading and perpendicular
to the nlane of loading respectiveiy. Even greater tenzile
and shear stresses exisc in the adhesive in rlanes at some
angle from the piane of losading., Maximum (and minimum;
values of tensile and shear atresses may bte found using eom-
bined stress eguations,

Consider an elesment of adhesive at the axtreme end of
the joint (See sketeh). The shear and tensile stresses in
the plane of oaﬂing and perpen ndieular to the vlane of loading
are renresented by Lo una~\orespectiVaiyo in the subsequent
3@ iysis, Whio maximur vaiues ol each are represanieg E?V 30
max and g max

ot

b
s

i‘ém

ADHESIVE ELEMENT
CONEIDEREL —=-

AXIE D (s M/
= " =
LOADING RN AT e

= e i mm— -

Using conbined stress rquations to determine max. {and min.)
tensile and maximum shea: stresses

TENSILE -—-5 .
> T NL oY L ATA 2 K A faagﬁ («? X
= ~— 4ao + /- u JO f] s Pel v £]
T s & - —9@- = 8420 +\ /(=880 (7590]" = '
Gx)~ 2 \/( . v / 4470 pst (min)
SHEAR _
L gNE - :
t(}m;,_}—\._“/(%‘} + lo = 8680 ps
The angle at whicth the priacipsi tensile stresses are
inelined from the .__1q of loeadins is defined az
. : L2h . -
torcag = — (J = 18oe8
Twoc values of:b are poss 1ble correspondiny o maximum and
nminimun tencile stresses
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2E=g0" 53 %, = 30°9  ANGLE OF Ay SIRESS
‘:'g 2 AN G @2 = /,'—"ovg AGLE GFA 45X, TS5 L TRESS
: e j
=
. N\ y
N\ )
/ ,41/5 or
P LCAD/M"
rd
o
-

|.
i
1
P A S
e C 1y ' \ AAVE OF Gop oy

The plgaes ol mwaximum shear stress are defined as

.. _G#20
7“(72 d¢" "_Trg = ’“IS’RQ = -\6.55 4

Lgaln twmo values of are possible

2@ =-28°2! & = =193/
. A= £0g°2 Eoz-j0a°3)
It is apparent that the planes of maximum shear strass meke
. angles of 45C with the rlanes of maximum and minimm tensile
stress,

e
G /' omax,
- |

N
\\‘ i |
i ﬂ!»\m-x\ ]_E AA/S c:; e
I fi ] ' c..o I
I, L W ~ 5
[_w As Uonak,

De 3ruyna indiceted the existence of hiph 2tpress concen-
tration: In his experimente on shesr lar 3nin s In saliing
avart shcar lap test qpecimons with varying overiap, he noted

that Increasing the lenpth of cvirclap does not properticiateiy

increase the strangth of the joint, This is shown graphically
. in Figure 18.
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Figure 2°
Erecking Yoad as & funeticn of overlap

It was clesr from the ricieul.g dats ihat tne falling

stress
i3 bet

% defined as the falling load divided by the joint avea,
S

r deseribed as the - n~rarent falling stress. The reai

faiiing stress 1s much highe: tran the apparent felling stress

and iz

ends of

not uniformiy c¢istributes but is concentrats’ gt ths

-.a.

the jointy. De Bruyne coneluded that the important

parameter imn the strength of e simple snear iap jeint for a

-—un

given material wac tho ratioc of the square root of ihe thiek-

ness of the adhersnd

the length of overiap which he cailed

to
the joint factor igiﬁi, A condensed tabic of experimental
I8P do

data for a stiear

balow.,

int bonded with redux adnesive is given
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Length of Fsiling .pperent -
Deseription uverlap Jeint ‘oad faillirg 3
of Tnint __2¢ factor # __* skigsg pel £
Bright mild stesl 0,125 4.0 8z 560G if
1/4" thick x 1.0
wide ¢,250 2.0 1460 5840 .
0.5CO 1.0 2675 5340 I
0.7%0 0.67 3991 4790 =
1,00 0.50 4300 4300 3
2,00 D.29 4950 247% -
3.50 0.14 5140 TAnN :
Bright m1ld steel ©.32% 2.82 867 5940 :
1/8" thiek x 1.0 0,253 i.41 1693 8772 =
wide 0.395  .0.04 2107 5618
00 0&71 2229 4458 -&
0.625 6,57 2600 4161 o
0,7%0 0,47 319; 4261
1.000 0.35 320% 31250
Alslad sheet 0,25 1.46 1725 69C0 £
".133 thick x 1".0 0.37% 0.99 2167 v770 e
wide O.ZOO O.;Q 227% 4550 i
0.62% O, 2917 4660 :
0.75C Q.49 3310 4430 {
0.87% 0.42 3200 3545
1\300 0436 3'17?5 3?25 L
Duraluminum shes¢ 0,125 i.65 752 5655
".0425 x Lv.0 0,250 0.82 122% 4909 -
wide G.37% C.5% 155C 4345 "
0.500 0.4% 1800 1500
0.675 0.33 2075 3326
4, 750 0.27 21n9 2013
0.875 0,24 2070 236%
1.000 0.2} 2050 2053
2.000 0,10 2057 1037
3.500 - 0.006 2050 585
*Average of five cr more readings
42
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A plot ol the date in Table 18 shown in ¥Filgure 1i9.
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JOINT FACTOR Jégl

Figure 19
rparent Unit Falling Stresz as a function of
Joint Faetor

It will be seen that the date all fall reasonably well
on a sinple curve. This curve ha.: two noints ¢ interest:

a. 2% joint faetor between O and 0.3, the apparent fail-
ing stress 1z directly proportional to the jcint factor and
ies piven by the relation -

v
Sy = 10280 L

L. At hirh values of the joint factor., S, ssympteticaliy

approaches a veiue of 5010 psi. Thus with a small overlap, s
very high apparent falliny stroess 45 obtalned because in these
eireumstances, it approximates the true [ziling stress.

In order %o minlmize the effects of differential sirains
on the adhesively bonded joint, Le Bruyne decide é T0 bevel
the square ands of the shear lap doint, This was veriftied by

PR - .
- o P N e N V) ﬂ" ﬂ\"“f\'\l" <% "Ly M s IV 4% 'lf.'\ “ Ty
bccb afliG v lUu(.txx LIIO AMCAL UL OG WA 0 u(. ThHowILUD Gves i) - I

linear it 1s & rconsiderablie imprevenmsnt over the curve given
by en wwmodified shear lap joint. A typical eross-sectiion of
a bevelled shesr lap jcint is shcwn in Fipure 20,
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i Figure 20 _ “
Bevellied shear lap joint =
3k
:“g
in Table ¢, condensed test cata on the strength of & 85
bavalliad chaar Jap inint sre presented. = 4
TABLE 4 =
Bevelied Lap Joints - Redux bonded s
-2
-
- -
Length of Apparent =
Desgsription Cweriap *F313iing loed 1432ing stress X
) zn Jeint o4 _ # . nad ==
Steal ..,'4" thigk 0.50 2666 59132 a2
x 1".0 wide 1.00 4679 4574 -
. 1,50 7283 485§ 4
2.60 9291 4546 5
3.5 11533 8% -5
«Average of 6 specimens <
A pict of the datu is shown in Figure 21 and for compagison -
tne sykivzlent curve for e non-bevelled shear lap joint is aiso E
shown . ' \ -
10,066 st)se/:/j*“
2 W
~ 8ewo of! D}D ¢
> a s ‘
=0 A
e G
< o0GOo \/
‘3. ) ~oo AP 5"_‘
3 e S AR —
L ///V
= 2000
i - /// -
o
3 v . L
. ~ Vi 2" 3" Qe A ;e

for bevelled 8¢ ptlain lap loint
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This lead Dg Bruyne to the conclusicen that the vast type
of joint 1s s hsvelled ¢cr a scarf joint,

To qualitatively iliuztrate thal varietion in stress
distributions exist ir g hutt joint under tension, consider
the simplest case of adhesivgly bonded tensile specimen of
cireuiar cross-section acued upon by uniformly distributed
axial loading. Thri:z is 111ustratnd in Figure 22,

/“'T’“t\
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o L )‘(
;AT)\Q _-L.
] | (SRR B 'f“""‘j

* ¥
H]
_ Figure 22
Tensile specimen under uniformly aps i~ 1o 7
Leg

vniformly distrituted loading p
dla., o7 featile apecimen inch
adhesive larger thickness ine
Length of tenslie specimen
Young's Modulius of the Adherend psi

Poissen's retio for the adherend

Young®s Moduinsg of the Adhesive psi

Polsson's ratio for the adhesive

- Unit Otrain (Adherend) in/in

Unit Strain {Aﬁhnslvp) 1nf1n

Transverse Unit Strain {Acdherend) iniin
Transverse LhLu otrain ihvhesive; An/in

. Max., laterm) contracticn of adhtesive to sdher
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Since p is the unifcrmiy distrivuted ,Luaul‘:;g on the
specimen, actlng over the entire eross-section, it can he
considered as the tensile stress scting on tha% specim: qa
The unit strain in the ad“esive ix
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e unit transvercse ctrain on the adhersnd is

[- - = ...:.J--‘
i S (2)
the unit sirein on the adheaive is
14
&

the unit transverse strain on the adhsasive is

AL e
viilw

EX-N
Al
and the

From equatlons 5, we ¢8n note that if wide dissimiiarities
exist between the v/E ratios of the adherend to the adhesive,
then there wouid be s substantial difference in the lateral
unit strain vcnlvacfians cf the gdhe iﬁe as comparead ¢¢ the
udherend, independenl of the lenpth of the specimsn or the
thickness ¢f the adhesive, Assuming symmetry, the naximum
jiegteral contraction of the adhesive a5 compared o the adherend
vwoulid ba

S 2 (2 — (6

W ) £/

Assuring, for the moment, no restraint in shesr way
offered to the adhesive at the edhesiva adnerend interface,
then the Ee;ormations cf the acdherends and Lths athesive would
reanlt in the fcilowing erav;cvhtad dizgrams
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Snear resistancs, at the interfsce, ic present ard
consequently the ds’ormat;on of the adh654ve at the frce bourd-
ary edges would be expected to be as follows:

r
LT WiTH TENSILE STRESS

WWTH OO0 QL (0 R8DDLT & CHdds

l i Rt A € w WE C S eus - s

We can therefore deduce that, although a uniform loesding
was imposed on the tensile epecimonJ & state of combined or
Di-aziali stress exisyvs gt vhe free boundary edze of the adhe-
sive and that the stress state there 1s greater in magnitude
than the average tensile stress over the cross-sectional area
cf the spagimen,

The snailyvticael solution for the strags distributien in
the adhesive of an adhesively bonded tensile spezimen with
cirgular crcss-section has not besn published, It 1is hnped
that this qualitative disancseion will serve to szcguaint Zesign
engineers with the problems attendant upon thelr use.

Tho Preodizey 2f Palymars

The strain under strass of an imperfectiv elsstic solicd
is povernad not only by the mapnitvde and :*reet;an 6 the

stregs and the Lﬁ-"n{)p!‘&tl‘”c nf the "n*erisx.. hit a2Yan uron the
auration of the stress and t“e previous history of the matur*al
’}’.‘}",._'59‘ for examnlae, a .;_;_;‘!‘.a on 2 warm dgy will hend and eag

2% a steady bat 4mpervepfxbie rate under the steady 1nf1uenne
of pravity. If one sttempts to =tralpghten tne candie in a
shuirt time It will break in brittle fraciurs. lowever, if

hung by the wick in a warm place the eendle wiil estruiphten

in due time wittout freeture. Again, 3f a flat strip of
polymethyld meunebrylate plastie is warmoc in hot water {¢ may
bYe twisted an? bent into intrieuce shapex., If held 4n an 248

47

—FEGION OF SHEAR STRESS COMBINED

NSHE STRESS COMBINE .
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sheps and gliowed to cool to room temperature, the strip w
beecwe rigid and retian the deformation Tor an indefinite
reriocd. If the deformed strip is thrown back into the hot
wafe* 1% will "ramamhnr" ites oripginal fiat shape and Ftrﬁighten
out through the relief of §ts internsl stresses without the
sppiieation of external stress. Llastly, if a pieee of metha-
eryviate 48 clamped under a known derormation for a period of
time it s found that the stress is raduced prop“eswively with
time andé when reieassd, requires time to recover substantially
w1l of its original dimensions,

The strength of' a waterial or, more exactly, the eritical
vailue of the stress gt which fracture occurs is not snly uv
the Girection oi siruss and the lemperaiure ol ihe walerlial bul
also by the duraticn of the strese and the previous history
of the materisl. 7Thus for example the strength observed when
a 3trip of polymethirlmethacryiate i3 ioaded to i1ts criticel
velue in less than a second is twice that of observed wnen the
etrin is loaded in an hour Again, a strip of the seme materisl
which has a history of stress andior environmental degradation
is woaker at any given strain rate than a similar ﬂtrip cf new

tad e ¥
MBYET G4,

Adhesive bonda oxhibit these effects. The dimensional
ehanges reésultineg from protracted Yoading are not of great
significance in ordinary enginesring applications, but may bde
imnortant 1f the adhesive is to he relied uron to0 position
an insyrument within Jresise tolerances. The reduction of
gtrenyth of an adhesive due to previous history of protractied
Isading may not be important in tha 1ﬂ9urumﬂnt but may be
important in a structural sprlication in whizh preat relisnce
is %o be placed on the structure after a history of storare,
tranaportation and protracted loadine., Figure 23 shows the
eritical value of thie load as affeated by time in adhesive
hond: and riveted jJoints in thin gauge aluminum sheet.

A3 a background for the enzineer, some elementary aspects
of rhecliogy, the study of the deformation or flow of natter

under 1,n¢ ‘& presented higre. The fundamental gnal of
rheciory is to deseridbe the benavior of materials in terms
nf Fratim \oﬂ“‘ﬁ"\ﬂﬁbl obtwm o e eFrEoan I ma nnﬂ innnﬂn‘i'l\?‘o_

The <mc extremes in rheolopieal hefavior ere the 1desal or

Newicnian liguid, which axt v the engineer
using well known equations, dowﬂver, the matnemntieai deserip-
tion of the behavior of intermediats substances 18 more complex
and inurersing attentisn 12 bdelng fcoused on the problem, (1),

(2).
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(1) A, Radei "Theory of Flow and Fracture of Sclidsf| MeGraw-Hili:

(2) W, Prager -"Theory of Perfectly Plastie Solids? John Wiley
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LOME TERM STR7TIC SHEAR STREVETH COF REITED AND
CYCLEWELCED JUNVTS

cZon T : = :g ; l :
#4350 -k Bl REY
o & &waco snwr —oom resR
20 T ' C PHETED JOUW S = RO TEMD
2290 oy C- SONDIZ0 JOWT ~ KSR°€
z 100 (>R I INDICATES MO FAILUKE
N
A 4 \ [ 4 o T R Y. o ek F 05 -
T i 5 ! BB S I AL I R
PN 1 i} \
! a i N ! |
c 100 B " g 'l i
g {‘T“‘Q T *" N\ e I
™ 18 I 4 IL 5 og g ;
Y 150¢ e ¢ e maiil
B! " 1 L !
t': .4‘9" B 33 | T o) ™~ )
-‘ 1 II? H - 3 H
T V-0 N S FHH HoH A
e i ) H =
200 I =i“
s t } ia a1 |
o ; i i 1 T * b5 |
00 14 i 1 5 BN . st L | 1 s
o0Gi 0.10 10 e 0.0 1000 O

NMUMBER OF MOURS TO FRACTURE

SHORT™ TERM STATIC STREMGTH OF RWEJED SINGLE (AR
SHEAR VOINTS — — /1370 TO /8§30 P51
SHORT TERM STATIC STRENGTH OF BOWODED SIMbLfs (A2 CYCLF -

WELOED JOWTS — = 2020 7O 3470 A5 AT 75°F

1520 TO 284G AT (SGHF

RATE OF LOAUING FOR SHORT TERM SPECIMENS 35 7TDET SEC.

Flgure 23

49
(1) Army Air Porcesa Haterial Center, "Time-Fracture Tests of
Cycie-Weld Bonded Metal Joints', Serial ilo. EXP-M-SL/Str290,
Add. 3, 2B Sept. 1942,
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An important phnnomen N associated with Lime and
tsmpersiure oi plastis or visco-elastic materials are creep
and relaxation sffects. Creep 11 tha continued dz2formaticn
of a material under & constant stress, Relaxation is the
process of siress readjusiment in a pisstic material under &
sondition of constant strain d4ifferentials. Both of these
propertiss are funstions of time.

MATHEMATICAL DESCRIPTICN OF RELAXATION AND CREEP

If 2 body 1s ideally elastic, the stress strain rslation
is a constant and it may be expresced in the form

b= L gL
C = R"HT St‘mm

= ymt tensile 8’.‘\'\.!55
;: yuu'ﬁqs "'k’du ¥s

{': time

where 1f g bedy pnssesses viscuslty, the rete of flow ur

Awednr 2 w3 L e h
eonstant stress is givan by

af - I
dt N
where n - viscosity,

Wo may, at this time ntrcduce 2 machanical gsnalopy
for v&scasity and elgstici %y by agsuming a steel spring as
the elastic element end a dashpet as the viseccus elenment,
If the systom is placed in series, the comdination is fre-
%L§g§19 ¢called g Maxwell unit, ouch an arranpement is as

ollowa:

. ;

.u»-—c»—mm*—/\v/\/ﬁvrn—-—w~§ f-—~43»~4>.

¥

In this case, the rate of flow is

J* o el e PO s
= - a
u = uL i

or
dC . B de 5
dt T dt A
£0
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A=

{ratio of elastic modulus in ¢ension or compreession to coel-

whoare

ficlent of wiscosity). The anslagous egustion for shear stress

is
a7 _r
=eg-¥
where
A= = &= umnit shear stvass
T=unmt shear stramn 6 = shear wModulus

¥hen the pair of elesments are placed in paraliel, the
arrangement will dbe as follows:

—

LY

T T

Any deformation takes pl&c;quually and simultanesusiy in the
apring and the dashpot. Mechanically, this system behaves
like = retarded stecl epring. This combination is called s
Vogt Unit and accounts for the siress-gira’~ relationship
veling a Tuvaction of rate of leading,

RELAXATION AND CREEFP (SERIFS OR MAXWNELYL CONIT)

12 & Mazwell undt is given a certain straein that is
initially rapidly applied but then haeld constant, the deform-
ation will originally oqeur almest entirely in the spring
but, in time, flow will tske place in the visecus elemuiit
(thv piston mzvesz) and the lcad on the spring (stress) will be
grgéta)}y d1931patedn Sinee in this gase & is held sonstsni

= o a.ud d\T q“'

-..—,.‘.--—

'L
s(-ﬂ'i

iy e R j’\
~d - é

Irtegraiing and assuming en initiel stress U, the egquation

“ e il o 3 "'%
-1 e \l Jeo

Trhis is the equation of "relsxation" and the relaxstion time
A 18 the time necessary to reduce the initlal stress wo
of its originel value where e & 2.718, At infinite tine,
none c¢f the original stress will remain,

51
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-onsider the series nc“uinatlon at constant stress,
Tn thie case, we let 3L sm! therefor

dh. o
dt kL

Integrate and for initiel conditions, when tso0, assume an initial
strain. The irlow (creep) curve bHecomes

F:. Cé.g-,g.:é-'
Yo e n -
Let %;=5£: {constant called creep rate) therafors

E=&,+ 0t

RELAXATION, CREEP, ELASTIZ MEMORY
{PARALLEL cOMBINATION OR YOGT UNIT)

If a Vogt unit 18 given a stress with the zim of achieving
a partieular strain, the etress reguired to achieve that strain
will depend upon tho rate of deformativn., In any cace, onee
the desired straln 1s achleved, the siress is gconstant at the
va lue « It 1s evident that this system doez nat previde
for sny relaxaticn mechanism urde» constsnt strain, Fer when
the elzstic and viscous alements are in parallel, eachelement
takes itz share oI the load. However, ihe load carrying capacity
of the visesus element is 3 function of the rete of change
of the strain, A4s the strain rate stops (sfter the stress te-
comas constant) the load 1s gradually transferred fram the
visgous slement to the el&**in elsment thus storing ensrgy
in the eisstic alement, The load carrying adljity of th
parailel somdinntion {s given as

U= E¢ + ﬁvdé;
Integrating, we get

n(T-E€ )= -4t

For the evaluation of tne constant we wust visualize the
physical picture of the stressed Jog% Un;t, Afvcer the load
L ooe memealsd il LacmA wmaowmndn anweadoandt Haoa a ‘-‘:D‘-HM" P L Y T RPN
&L D n:uu&.l.\...., A4 43 LculﬂLllJ wATile L2l AL 2a (= R =1 PY. W P W LA CGOHID ,. L!:ey
10adiny 1a gradually shifted from the wiscous e:ement t2 the
elasetic olement. The tirs ¢ » o is referred to the point when
the ioad starts shifting.
when t=0 &£ =€ .

d 2 C=lIn (‘T - ECO)
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the compliete equation besomes

. i
_E:
" e & :
9
recailing that for an elastic deformeiicn ;
o Q £ -3 }? . ’/
ga;'% W A= B ..
Substitute ' * .3
£ = ( ‘X‘) + 3
co &= e
We must ncte that & is tko strain afler a time raferred te ‘e
the sirained sondition €, - To refer the stram to the oxiz«x =
inal unstrained can“‘tion lef e
= b
Ee= &—¢
where (g e residual strain preszé
ﬁ-R"“ é (’ } 2.
Tre physicsl significance of this is quite elear, After a -
strezs 1s aspriied te 8 Vort Unit, the shiftins of lcad from the 3
visgous to ziastie elsment wnicﬁ etores energy and thues tries
to restore the eiement baek to the original positian *h &n the Z
1244 35 removed, ne degree to which this can be aecomplished 3
is a funetion of T and of ihe constant A , This phenomenon 3
&f partia¢ slastis recovery is known ae elastiec menoty and ie .
;nvo*ve in the aechaniea} behavior ef most high poiymers. b
Egquation point:s oul that at an infinite time, there should be ‘
gomplete recovery. -

Tne ¥zxwell and the Vopt Unit may be zetl up 4in sny seriez - .-
paralisi arrangement to deserids and exrlain the behavior of |

mary visen-elastic materials, These ecmbinstions nuy become :
inere2zsingly ecmplex. It should be ncted that the term-»~1is :
an $mportant parameter in ali the eugaticns, This essentiaily 1

iz the ratio of the action time to the relaxatlon time for the
material. The larger thiz ratic., the less the relazxetion and
the more elastie the hehavior, Convercely, the smaller this
ratio, the lesc elastic and the more visgous the behavior.

MECHANICAL BENAVIOR OF HIGH POLYMESS

Yo 1liuscrate the preceding discussion, consider a curve
typzca: of those obtained experimerntally for thc initisl fiew
and relaxstion of many plastics, This curve, as shewn in
Pigure 24, is obtained by spplying s lioaa .o a specimen maint-
aining the ioad at a constant level for a definite period, and

53
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then removiag the load.

Stress

J »e- time

.Str?m

ﬂE ; —t s CRE
Figurs 24

Inizial eyelo of Cross and Elastie Heaory
tvpical of many pleatics

On appiication of the stress there is an instentanecus deforms -

ticnt OA. This 1s followed by creasp from 4 tc B, On removal
of stress 2% tixge ¥, an instantaneoue pariisl reccvery takaos
place BC, feliowed By u eresp recovery {elastic mewory) from
3y to D at tinme t~. Further recovery after time %» is so
s%ight eas to be negligible, DF representlng & permenent
deformsvion eft at the end of the loading cveis, Tt is
profitstie to attempt to usse g mechanical model to explain
this behavior, A suitatle wodel nay be composed of elastic
and visgaus elements aeting in series pnd parailel,

54
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Figure 25 Py

Fisstic and viscous elements acting in series and

in parallel

Obviocusly, the ereep AB is composed of two components,
which become distinguishadle only during creep rocovery The
alastis eomponent of the creep CyCs (in the paraliel cireuit)
ia termed priwmary creep and is recoverable. Primary creep §s
recarded., The non-recoverable component ngC3» DE; L8 tamaed
secondery creap. '

Let us sonsider the case of 2z constent strain anpifed ¢o
ine specimen and then suddenly forced tack to itz former
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The strazir dilagram would be as shown in Figure 24,

1~
-f
]
[V}
G\

!
‘ A relaxaton

s

— vesidual shess

' ;

ot 6';' Tiyres

ﬁ'ﬁ

r& ~.’?‘: 25
trein-time rnlatiﬂﬂshjo typical of menay plasties

In this case, 8 glven strein 13 applied 1n tho specimen a%
%o «ud held zonstant until Sye vuring this pericd, the
stress in the model has reduced from A t¢ B, TIs return the
specimenr to its original positieon, a negsiive Joad musi be
aprlic o ths speecimen Cﬁcg However, this Inad aiso reliages
a3 a £1. ~tien of time and’a% ¢, a smail res¢dual stress may
exist. 7o iljustrate by the mechanical nmade examine

Figure 47.

The
elastic
eonstarz stress, or their relaxs
geforrstion. 7The niciure is
the stress nor the deformation &
oi %tine.

foregouing has dealt wi

YR Jule o m“’-uauw i

th the behavior of visig-

subatances with rsgard to their deformation uncer

tion of =ztress under constant

-

TiGITUNETD

5 constart bt 18 a2 function

Fheoslogy i1s not sufficientliy asdvanced o be of mugh

help qrantitatively in these complex situvations, however,
of the advanzes to Jdate in this ficld wiil

understanding

an
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Tlgure 27
Elastic and v¥iscous elerents acting in serdles and in
parallel-gonstant strain

doubt be of gscictance %o the englneer in vigvalizing the
poscibilities whizsh he way encounter in employing viceue*a<tiv
subatances in ongineering anplications

An uncured ad qes1ve Vu*ing the uﬁndin? rprocess takes tha

chase P 4 '1‘.._.71 L \. ‘--‘a-— o - Vaed d oA sSes - o e e I W
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threurh s,aﬁec o% 1ncreasing visecosity, peletion and solid-
ification, avproaching but never attaining the p?vVeatle“ of a
Hooklan s0iid to & Jegree depencing or its composition,
temperatiure and the ccempleteness of any chliainical react‘ons in-
volved, thus oxhibliting in various stapes of ithe development of
the bond rhaglovicel properties, Jt 4s certainiy not vaiid to
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trest & Lthermonlastie adhesive, and yrohably nol valid o
treat some of the most coross-linked t: pos ¢ cnﬂ“mosst»i“x
adhesive, as a Hookisn solid., Rether, 1t is necessary to keep
in mind the viscoelastic propertien of thesz substances and to
apply the principles of rhealosy wherever possibie

J

Stariotics of Fragiure

Strength is &8 measzure of the rosistance of a malerial
to fracture, 1ln a locss usage strength denotes the stress
at which the material #faiis® either by fracture or by plastie
c‘.efo*mauion° However, the stress at which plastic deformeticn
takes piace sheu 14 be called the yﬂﬂld gtress, Here we are
x,ow.ezxmu ‘ﬁlbil H'U LlLbJ..k.u.s vaxue lu bw.uab auv mu.uu LLﬁubdAv
otgurs,

Fracture is not one single physical phenomenon; there are
several essentially different processes that may lead to the
failure of a body by the action of machanical forces, The sama
materiail msr f21l with different mechanisms of frecture according
to the stress and strain conditions, sirain rate and to the
temperature; thus a poliystyrens may show brittle frasture at
iow temperatures and rupture dy woieculsT siiding at nigner
temperstures. "Bouncing putty", a siiicone polymer, appzar.
tc falil by fivrous frseture st nigh strein rates and to rvnTur
by molecuiar 8liding or viscous flow at ow strain ratea.

Attompts to characterize fracture mechanisms in neat cats-
gories appear rot to have been very profitable from the engineers!
point of view, the mechsnisms aprarently cverlapring each othex
in degreovs der»rcinﬁ unon subtie diffe;enopa in the condition
of the materials and of the tests. With plastie¢ materisie the

racture condition Involves tre entire strein history in
adéition to the principal stresses, Under trioxial stress the
fracture condition »ili, in §enera1, involve rl) princinal
getresces and {if the muéc,Aui 13 orthotropic} the orientetion
of the pripzipal axes, Nothing 1s kxncwn sbout the mechanisms
of Tragiure of adhesives in thin layers, It is therefore,
hest witheut furthe:> 2do to go on to the statictical azpeets
of the =utject.

It is a truism, of which the metnematical implications
are of no ilttle in“ereat that the strength of & chain is
that of 1ts weakest iink. It might slisec be, a truism that
the strenpth of a bundle of chains is that cf the °tru“&nst
chein, in the first ease the ;ormuLation o® the probliem
becomesz that ¢if the stutistical distribution of smallest
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{3 -
. values in samples of size 5 where n Is the nunmber of ilukKs., ~ %
In ¢he cecond eaze *he probiem becomea that of the statistical Wk
distributicn of extreme Yg%nns in samples of size n* where n .k
is the numbter of chains. o
: < 38
Orirrith!3} assumsd that the discrepensy betwesn theo- 4
reticaliv astimated vulues of tensile strength of glass was due gs
t¢ the presence of very small cracks or other flaws around 2
which a strong siress concentraticn erose ghen the glass was 2o
stretched, He s‘cwed that the observed tensile strszs may be 3
inereacsed by removing or meking ineffective tha most dangerous -
eraske, having tested fresaly drawn ¢lass rcds which showed -»§
‘ . .
tensile strengths up o pei whereas %f+er a few h?grs the i
nda shnwm! atrenoths 1n tha arder af 1D Jofife triad -
to zliminate surface cracks on sodium chloride erystals dy =
ﬁ asaiving the surface in warm water during the test, and ~
ined strengtts in the wet 2 f sl 30C timas greafer “han i
unat of the dry crystal. Orowan 5) tested sheets of micsa, 3
meking the edge stress free by using grips narrower then the .
width of the lamelia, so that only the central part of the :
izmaila wae under et;ess thus avoiding stressing any edge L4
:rack§, snd obtained value! ten timez that ncrmally reported -
aceording to the thesry of the statistieal Jdistridbution ’ﬁ
S of the smgllest values 4in samples of size n wh ;g n is the number :
of flaws, and assuming a Gausslen distridution’ :
i - 1¥-et) !
TVET T T eTr :
the mest probable value of tne spielliest value 15 squal to :
¥p= d~U’.‘\/'Iogn + 2. Ag L )
8V§E;‘ / 5
snd the dﬂstribut;on o7 smallest values, where n is large, is
i
X - _— \ldloqw 4 W 4 \
\ \Ebgn)
where u : arithmetic mean strength
I - standard deviation
n = nuzcsr of flaws
S oo FOX) - probability density function
I* mzy bs een that the most protabie vmlue decreases as a
*ultip;e of (log n;ﬁf and the varlance decreases as n increacesx

a¥
and 1s equel to 7U/%2log n*. A typical set of curves acecord-
1ng to this distritution for u z 20,000, V's IO0O, end

) n .. X0,100; 1000 is shown in Figure ’26. It 15 to be noted

) 29
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that these curves, particuiariy thore in which n is relatively
smaill, arz skewed %o the leoft, vowrere the shape of thess
curver =ith the histogram faor n1 gLy -8ix tnnsile adhasion
tests »n a polyester resin acting as an adhesive beiweon glium»
inum surfaces in Xigure 27, 1t may be observed that ¢he adhe-
sive tensile strength histegram is skewed siightly, if at all,
to the ieft, indicating, according to the above, that we are
dealing with a {airly 1arge number of flaws in a tensilile bord.
A more strongly shewed histogram for twenty 3ix single lap
adhssive ?ninfq sontaining a thermopiastic acdheslye is shown
in Figu)c 26, Ve mayqneeulafe that the lesser number ¢f flaws
axhidbited by this set of lap joint:c as ¢omvared to the nunmber
of flaws 1n the set of tensilegcints may be exriained on the
statemant o1’ Goland and Reissner thst fracture of a lap
specimen muy ve expected TO start at the edges of over.ap.
Thus, 1if flaws &To6 di:tributod at random throughout the wvolume
ang surface or the adnesive the number which may contributs

Lo low values Iin & tensilie specimen should exceed the number
at the edges of a 1lsp specinen,

b (o

Time has not permitted the suthors tc investir-te the
th2ory of {laws bayond these elementary and vncertain specula-
tions, nor deesz the theory explein tie nature of the flawa,
”ﬂwﬁva' the skewnsss of histograms 1s 8 cormoit observation in
the s¢ rangth of a veriety of materisls and should be studied
further,

Assuming s normal (not skewed) distribution of valnes
the theory of statisties provides a measure of the reliabiliity
of a st"ucfurm wh;ch 13 of immedinte value in the design
provess. If we assume that an accidentai error is the alpe-
Brais snm of an irfinile number of slementsl errors, each nf
whicn is Eikpiy tc be pnsitive ac veil as negative, it can be
shown tnhat Fer i very large number of measurements., which con-
tain onliy sceidental errors, the error will felleow the normal
distriboetion on Gaussian d4j fributinn iaw

) 1 ré v
Vi = o exp- MK
! \‘T‘\‘E T )
nhere .
2 - value of 8 error (the difTerence Letween th: chbserved
ard thz troe velun of ino quantisy)
) g the protabllity of occurrence T an erior ¢f magnitude

{J” . constant associated with the Derticuisr net of obssrva-
tious in question - known as the stendard deviation

s
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~ The graphicsl representation of this eGuation is the
famlliar normal frsguency distridbution curve:

-

o
¥ 4

17

¢

From the frequency distridbution curve, we may deduce
the following iuformaticon:

a. The area under the curve is unity, expressing the
condition that 211 errore or deviations 1ie betwesn - O
and £ O and that the tctal sum cf all the probabiiities is
equal to 100%.

b. When x = 0, ¥, = z;ﬁgr where T is & characteristis
of the particular set ©f measurements, If another set of
measuremncents are taken and results in curve II, it baecomes
evident that ~“his curve has g higher probabili%y for
gc2uracy. Theref‘orez the constant ¢f the set of measure-
ments ¥ may be looked upon as an index of preelsion or the
seatter of the measurements. The smaller the value of the
standard deviatlisn 97, the smaller the seatter in the
observed values,

On the nasis of the_normal freguency law, if & large
number of n ~easurements X, X,, X, ;r--*- X4 are taken, all
with equal skiiX and care of a quagtity X |, the most
probable value of the quantity i1s X,, the arithmetic rean
of all measurements. Expressed mathematically

X = Xi v Xa + Xyt -2 Xn
” n
Erpressed graphieslly, the mean or aversge vaiue is

the symmetrical axiz ¢of the normai freguency 3distribdution
eurve, The moan value 43 useful in establishing the averace

64
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YJuo of a set of megsuranents vt 1t glves no {ndicetion
the relztive distritution of the measuremecnts witr respect
the mear value, This 4s the function of the stoonlarnd

o P %

riavion. The Standard Peviation is given by

e /o X0t (o dal el XeF
' n-=1
The standerd deviation has a useful rroverty ir that
any prooornion of the standard Jjeviation used as the upper
and iower limlts of the probapvility curve defines a definite
ares 5T that curve between the 11mitso €inece the arca under
qurve between llmitzx is the measure of {re probabllity of a

measurement cceurring between those limits, the qtandaru
Aeviation f'ha*nf'n'r'n is a measnra af the va‘HMﬁ 19+tv &h

can be expected for a measurement to fall between 2 rtain
values, To iliustrate, assume a statistically accurate
rrobabiiity curve with one standard deviation as the upper
and lower 1imit. This 15 as folliows:

ve
of
to
2~
e

The area in question has been cross-hatched, Geometricalliy,
the points of inflection of the gurve ovcevr at distacces §
from the azxis

Since the total arez undey the curve (from + < to -w)
18 eq;ai to unity (sum of 21} the yrobebilities), the ares

PO N Vionssmd s o lhhim adenmAavmA A d A o Ay Trwr e
UI 4L ullc ‘f“. vr' uvuuucu I'! 2R RN ahﬂllual\l LW R TV WS n.A.JV. c«.u.A,'-./
be 68,T¢ of the total area. This holds true for any provor-
ticin af fhe standard deviatlon. The probabliiity thai =

meaSUPed guantity will foli betwreen 14mits about & mean valn £3
the limits being defined hy the stancar»é deviation T times
a constant n tg as follows:
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uitiples of the
S;; dard Devyiation Prohabiiity {ay%% undar curve}

n _DiE

0.9 36

1,0 8 26

i 1 26.64

2.0 99.54

2.5 08.7%6

300 9/ '74

As a rule, a designer is not 1nterested in the upper
limits (mex. strength valuesg) but only 4n the lower limits
(min. strength valumal)  He 4c arinaipeily sencerned with
the probability that a strength value will exceed a certain
ninimvm, The probabllity that a 2iven messurement wiil
exceed a minimum value (%-~n¥), tae minimbm value being
defined below the mean velus less the propertion of standard
deviation 1n guestion, is as follows:

Mgl&;p;es of the Probability (that a measure
tandard Dewistion w{lY exceed & _minimum viiue)

1

0.5 69.,1%
1.0 84,13
1.9 93,32
2.0 97.72
25 99,138
3.0 ag | 87
4"‘0 ggn f’

For the graphical representaticon, sse Figure 31,

We can now introduce the concert > ennfidence lLevel;
trhat is the reliabllity that the designsr can expect of
nis strength veluea, This pre-supposes that the desipner
tas avaliable the mean value of 2 serlas of tests on ¢
pertinent ddhevauly honded joint asrcemdly and the stenderd
deviatiocn of that setl of measurementsz, With thie infcrms
tion available, the designer woj set th: desirn value of

M s h.'v\l\!‘\ﬂfh n“ thaoa nAhneodarn N~ F —— AT

4
il WA Csap Lo LR R uu:zuo.x v O \ 'JC FS L 30

fo 8
Cw

e e L @ R S T S 2

(

D e o

iy @
i 9

e g

L]
i

¥

Hoedpw

®

L




Confidence Level
Probabllity of Proportion of Failures {(Failures Per Thousand Jnica)
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Curvae rnheowipn, ths provability of the prorortion of
fatlures (fzilurc to achieve z rinimum value) as &
function of the stsndara faviet!on for the saet of
measurcmenta given in terms of frilures par

a0l __tikigcusand unitvs,
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SECTICN I1X: DESIGN PRINCIPLES FCR STRUCTURAL ADHESIVE BONDS

Genersi Discussion

in sny design problem, involving the icining or
fastening of two rigid memberq fur structural or stress
carrying purpoesss and which utilizes adhesives as tho
Joining material, the desipner 13 Paced with various problioms
in wmaking the a: sembly strong cnough to withstend the
expected loads imposed on the structure, The desipn
ongineer would like to know the pure strength, (average
values and ztatistical distributions) and the plastic and
giastic constants of the materials and the distridbution
nf the rirasczes in the adnegivae and the strueturs nndar
load, From the foregoing, he coculd determine the proper
geometry of the structure to withstand the load. Unfortunately
both the rure strength values of adhesive end the astreas
distributions in adhssively bonded joints are laregely unkncwn
for reasons whilch are discussed in Cecticns II and V, and
vary few data are avalisble on the elastic eonstants of
adhesive layers., Further, dats on the influence of degrad-
ing.iufluenees of meehenical and environmental Jegrading

3 Lo~ . L2
ini (A3 r';w'!na‘ on "V‘Yﬂ ﬂ“w\ho‘hv TS Fe saAmaelvae arna faw
-—adh AT I —. MevwihiCe Vave we VA e s a stk Ve DL o s

Yet. the aprlication of the simplified desien practices
used for strusa studies ¢on engineering materials to an
adhesive jJoint assembly may 1lead to ssiicus and gross errors.
It is noped that the followine discussions will acgqueint
the design enginesr with the prthPWS tc be faced in the
design of such a joint., and with such tentative concepts
as do exist,; s0 that he ray have proper perspective on the
nrobliem and thus more intellirently appiy his judgment
and background fto the sclution of bonding vroblems that
might be encountered.

Advuntapges and Disadventages of ddhesive ionds

In approaching the desipn: of & structure the enginev.
often has an opportunity to choose netween an edhesive vond,
a threaded §jeint, riveted or bolted joint in a lock ring
Soint, = voldernd Joint or a welded joint At some considep-
n%ﬂn rlnlr of cvar.zimnlifiecation or overes . pht of snetd #ia)

s

- =

t
cases, the relative merits of the more 1mnortant of the
rntgii“"'n means af attachment orz a3t Parih in the Tollowinge
tabie to serve at l=ast 25 a stimuius for thought on the
sutjeet by the ﬂﬂ%‘neer as he deeides on tha {ype of
attachment he wil

‘ll"'

employ in the design of his struecture,
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TABIZ 9
Metal
Ldhesive

Design Fagtors Bonds Boitg
Short time Strength

High “earing Strength

Adherznds Good Good

Low Bearing Strangth

Adhercnds Gond Pror
long Time Strength

High Bearing Strength

adnerends Yooz Good

Tow Bearing Strength

Adhsroends Poor Poor
Initial Dimensional

Btability Under load Good Pocr
Dimensicnal Stability
Under i.ong Time load

Non-ductile Adherends Feor Good
Dugtiie Adherends Foor Prsor
Strenginh at Elevated
Tempers tures Poor Good
Pgel o1 Cleavage Strength Poor Good
Additional Sealing

Required Agsinsti Leaks No Yes
Eleetrizal Conduetivity b You
Magratix Susceptibiiity i el 3
Requires ancens to inter:

for of :.0s8ed or reentrant

csavitiez No Somaotimes
Pre-atsenmbly adhsrend

tcleranies Loose Tight
Vibraticn or fristion in

assenbliy No Yez

Fo R

Threads:

Bivets, Neatal,

wogkring:

Goad

Peor

Poor

Good
Poor

Good

Kot eoniie.

= <
(] (4]
] 4]

Y

C1ght

Yes

Welds
Solder
In Metals

Good
Qenid

Good

Good
As good g
sdherend

Good

Poo;

Somesimes
ToOu

No
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TADBLE § {(Contlnuad]
Metal Threads: Welds »

bdhesive Pivets, Yetal Solder
Deadg Factors Bords Bolts = Loekyings In Metals
Heatirg during asseahly Some i) No Yes
adhesives
raeguire
no heat
TAime required hefore
jeint may be strezsed Up to a
waek Zero Zero When c¢ool
Assembly lizs
required Yes Yes No Yes

Let 1t be assumed that the enginser has daeided to
employ an adhesive bond in the design of a structure. He
iz now faced with the cholce of bond geometry, the cholice
ot 2n adheeive, the assignment of dimensiens {0 the bcndz

ha énsig" of any $igs or fixtures reguired, the daqcriuuion
el the sieps ia the bonding process, the 5é%3110t¢31 oL the
test and inspection procedures to he followed, the classirie
cation of defects and the premaration of speclf’ca ions
covering the above,

Selection 2f Joint Geopetry

There 12 no precision method of se ecting a jeint
gecm try for use 1n a eiven app?tﬁ"‘ n tecause of the large
numter of joints possible end the many conditions wnich
will affect the selection of joint gecmetry. There are,
hewever, several factors of primary 2mportsnce to which
eare*ul considergstion must be given., These are listed
below. Compromio 5 must b2 made and the ingennity ¢f the
designer must be depended upon to meot the naeeds of his
specifle problem,

OPFRATIONAT REQUTREMENTS

Load magnitude, directlen and duration are the primery
gonsiderations in selecting joint geometry, £ particulsr
joint may have great strength when loaded in one direction

72
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buit be very weak when igaded in another. 3 an examdis,
8 butt ioint pessessec great strength when Ieaded (n com-
pression but 1s very weak when subjected %¢ tensiis foadl
ing. A Jap joint will withstanc feirly high tensiie lpad-
ing but will fail in bending or shear luading, %o guide
the designsr in selecting a satisfactcry joint geooneilsy
for various directions of loading, Table g has been pre-
parnd comparing different isint zeometries when subjected
tc varicus tyoes of loads,

The wagnitude and duration cf loading will determine
what area of adhesive is required and in so dolng, indicate
one geometry of joint over arother since the adhesive area
of certaln jolnt denigne iz limlted., Alss, the adhesive
area of certasin joints is more effectively used than in
others. This comparstive mechenical efficiency is roughliy
indicated in the Table., The desizn stress for the adhesive
shoulé be datermined by destructively testing joints of the
geometry to be used and will not necessarily be «omparable
to the design figure specified by the adhesive manufacturecr.
If long temm loading i1: required, the adhecsive should not
be stresced over 275 ty 3/5 of its stetie Innd sirenpth,

If space available for the joint is limited and relatively
high adliesive stresses are required, it would be well to

u:e scarfed or bevelled joints to m{nimize stress concentra-
tions.

SPECIAL REQUIREMENTS

Occasionally, special operstional reguiremenvs wiil
affect joint v2ometry seleetion, IF & ‘o rt is to be water
tight or pressure tight, e reomeatry having a lsng ouverliap
will be good insuvrance agalnst ieakspe, (hen an adhesive
Joint 12 te el 23 an electrlcel eondenser, the adhesive
area (consequenti joint peometry) wilii be determined by
the required capaeity, the adhesive thickness ancd dieiectrie
eonstant. The simpiest joint pecmetty to ¢onsider for a
wondenser 43 a butt jolint with capacity. C :..36;.‘ where

v

¥ . adhesive specific inductive capacity

A - adhesive area

peie

95 -
R ieatc i
R T L x.lb

ede

P TN L.%.
d - adhesive th
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MACHINING .4ikD ASSEMBLING

¥achining consideraticns are of grestest inmcriance

when a thickness sensitive low viscosity sdheslve is usec
in & =carf or tubular szarf joint. It is extremely Zmportant
that the searf angle be essantially the same an both
adherende., Unless the searf ie the landed type, speciel
Jips will be regquired to malntain the proper ¢learance
aetwren adherande gurinzg the ecure period. Lven with a

Ignded tudbular ~carf or tubuler liap it may be necesszary t2
pass a tight fitting mandrel ihirough the tubes to insure
the adnerends being coaxial therefore providing equal
adhesive thickness around the tebe. In general the degras
2f guzuracy in maechining derends on the degree ol sensitivity
of tne adhesive to thickness variation.

Attemptlng to machine 4 plain seorf joint to a fea-
thered edge often resulits in rrayed edges, especially if
the idherends are plastiec., Turning & scarf cn a large
diameter plastic tudbe 1s extremely difficult since 1t is
very easy to press the tube out of round when chucking 1%.
Even the pressare of th2 machine tool will result in a
def atizrn in the tubke, Whan taken fror the machine, th-
sear{ besomes cval., When mated with the other ac hnrend
& variable adhesive thickness resulte,

To a certain extent the cholce of peometiry will be
infiuenced by limitutions arising in the applization of
heat or pressure in the bonding process,

FLAT OR MATCHSD SEMI-SPHERICAL SURFACES

Joints of this genersl geometry izpoce no restrict ons
ags voeards accessibility of the gue 14ne to heat and
pres.ore, This sppliicstion s suicable for ail types oP
adnagivesm The primary reziricilon in adnesive seiectic

¥1 resusy Toom The porosity and thermal stabliity of t}e
?4he*and- heing vtilized.

TUBULAt SURFACES

Sleeve Type. Tavn Joints. Rigid, tubular isp joint
of tired dimensiocnal cleoarance represente ¢ geomeiry whe o
4= =

no poeasure can be apriied to the adhesive during its cu*yﬁ
Fixt.res for properly Jiocating and holdine the parts in
aligumnnf are neceasary, Adheslives must be of the 100¥
reac:ive type and the shrinksr~e should be nepligidblse,
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Eguidiameter butt sleeve joints represeni a design whieh fs
mors aprateable if compressisn louding is to be appiled to the
oL

bond .~

Sleeve type, Lap Joints, Bag Molded. This type of joint
i® rerresentativs ol 2 process in which a phenclic Iimpregnated
filzg‘ terial svgh as glass cloth, may be simuitarcouslily

ﬂina*c" an borﬁed to and ”1tt’ngs. Preagures are unug L1
reetv&cted to 100 pss.

Selegtion of Adheszive

The selection of an adhesive for 2 eglven application is
governed by cnemicel, elsctrical, mechanical, environmental
and processing factors.

The meghanicsl factors include the critical value of
strength of adhesion of the adhesive to the acdherende, ths
eritizal valuce of the strength of cohegicn of the zdhesive
cr the adherend and the elastic and plastie properties of the
adheslve, The envirommental factors whieh may afrect the
ahove inelude oxposure to eold. hest, humidity 81@0Qph res,
solar vadiation, water and chemiecals. The urocessing facinrs
inciude the han 3ling chargeterlistics of the adhesive, the
cieaning of adherends, the spreading of the adhesi ve the
appiication of pressure and the application of heat which
are coverad in Seetion II of ¢this Report. The designer is
referred (o0 NAVORD Report 2273 for cpecific data on the
preperties of s large number of auhfﬁ‘"bo and adherends, wnhizh
data %111 be of great usnfulnees in the shoice of an zdhesiva,

Of primary impordsnce in the celeeticn of an adhesive
are the th“ee strenpgthes Involved, specific adhesion to the
sdherend msteriais tc be jolinsd “chesiva strength in the
&dnhesive snd echesive strength in the adherends.

ADHEREND ————e S J J/’/’Z//‘/ P ”l/;fy/f
ADHESIVE

e SR
ROKERENG v S S LSS ’Q/»'/’/Q

Thua, wnjichever material jossesses the lesser strcnct
at the noint of maximur stress will Yimit the strength of th
assem>ly. As shown in Section IY it is possible to computw
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the prineipal streases in certain simple adhesive bonde an? &o
infer nagnitudes ta thase stresses; This proc-es has pol

- s 4
been developed fully and is not of pgraat usefitlness st present.
it

t &3 possidle, hows ver., to ecompare the strengths of joinis
containing the candidaid adhesives and to attempt te choose
an athogive which 18 at least ar strong Az the adhsrend
materisls. Considerable comnarative strenzth Jats are availi-~

able in NAYORD Report 2273,

It is to be noted that the desigrer might consider the
possibiiity in the overall design problem cf exchanging an
adheorend materizl for another type to which better adhesion
ney be obtained or which possesses betiter cohesive strength.
In bonding reinforced plastic laminar materials the designer
should basr in mind the low hond strancth bhetwean nliez mav
b& uue iimiving strength ef the bond. Or, for example
polyetaylene for which no good adhesives have been devalopea
might be replaced with another thermoplastic material such as
polyvinyl chloride.

The elastic progerties of an adhesive are important in
relation to the fiexibility of the bond under aexternal stress
or under internsl stress such as arise from temperature
changes in materialz with differential thermel cocaef:*isient
of axpansion,

A bond containing a flexible adhesive wiil be more
resistsnt to mechanical shock and vibration or thermal shsock
than a bond ecntaining a brittle adheslve, It is often the
cese that the cohesive strength of a flexible adhesive 1s
less than that of & brittie ednesive. However, the advantace
of touzhnrrg of a flexible adhesive may ouvtweigh the advantage
of the atgtic strength of 2 brittle sihezive, It also may
be expacted that for a given georetry the magnltude of stress
concentration 15 critienl apots In © hond may de reduced if

Tisxible adhevi vé 1s used, thus le.ting to en optimum strength
for the bond., See Secticn 11 on stress goncentrations in
adhesive bonds. In dbonding such materials =z paper. leather,
eloth, rubber, ete. shosse an adhesive whieh 1s at 4#&5% 25
fiexidie ss8 the lesst flexible of the two borided surfaces

The plastic propertics of an acdhesive may he important

donw wmaloddacm 4.0 Vo Adwmanadana? sta Li%4¢ty and al-vusnrr{*fu ,-.9 *h o
i 20T vavil WU WIS VawUioalit e Qud b A vy R

bond uvader long-time loading. Pla ticity nay be a drawback
1f e¢resp under heavy loads cannugl be permitted 4n & bond. cor
it may be benaftigisl an = mech?dism whereby stress eoneentyg.
tions under minor insds {axiterral or interns) due tec bonding
stresses or differential copfficients of thaermal expansion)
way be relieved to zome extent after a perior of time thus
increazing tha afYective strength of tre bond, RHowever, very
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faw dnte areo available on the nlnsticity of adhesivas at this
time,

In choosing an adhesive, 1t s well to remember that
the matsrislis used in adhesives witch the exception of 2 lev¥
r steriels cush zs godlus silicate, ar2 mads of organle coib-
. sunds., Thus; they sre sudject t& snvironmental degradations
typical of that elaes of nsterial. Ghe designer should note
all the conditions that the sdhesive might bs axpused to and
operate under and govern the cheice of adhesive acecrdingly.
A few of the guidelines in the choice of adhesives based on
environmentsal conditions ares prssented:

a. In high temperature applications (never above 350°¥.
for sustained periocds} choose an adhesive of the thermo-satt-
ing typs. These are usuaiiy mnra neat resistant.,

b, For low amtient temreratures, choose a flexible
adhesive, These are usually of the thermo-plastic type.
However, most flexible adhesives baccme gquite rigid at temp-
eratures about ~10PF, and care should be taken for adhesive
salections in temperatures abdout this vegioa,

#. Orzanie solvents and other powerful shemicals,
may have dsleterious effect on adhesives. Since the rangs
of possibilities are so great in thic respect, this factor
should be cheacked carefnlly,

4, Water soluble adhesives should never be uzed under
hydroseepic condivions,
&. Adhesivers 9311 age, Under nrolonped expbsure to
uiltrz-vio
the physical properties of the adhesive %ill undergo ehanjes,
ugsusily that of depradation, This shonld be choeked 12 the
bonded loint aszembly 1= expected ¢ have a long us2Pul iife,

Teble 6 presents a broed comvarizon of adhesive tyraes
for use in the first ¢teps In selesting an adheslive, The
engineesr &s referred to NAVORD Report 2273 for detaiied data
un adhesives and adherends of use .n making a final selecvion
ol an alhesive for an application.

Salestion of Dimensions

Thes dimensicns of a bond are puverned by the magnitude,
direction and durstion of the load:s 1o bs plsced upon 1t.
by the confiience one desires to plece on 1t, by its history
5 g . 4 ' . 2 &
prior to use and by the environmen: in which it is to operate.
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Thus, if in a glven gecm@+ry en 9xpected leed T wiild
davelop a aoncentration unlt stress S at some point in the
bend the grestest unit si{ress must te less than the mosd

probabie value of the least value of strenpgth of the adhe-
sive gt thet noint. (See Section IT ¢n the stress concentra-
tion and the Statistics of Fraature}.

From Section Il we have seen that stress concentraticns
may be axpected to exist in any. type of bond uniess the
elastia constants of the adhesive are Sdentical with tvhese
of the adherends, The unit stresses at the edges of an
undevelled lap joint may be as high as six timee the aversge
unit stress in the bond. The stres:z vconcsniration in other
typos may be leses than six, as may Ye inferred from the results

a? hnﬂﬁ'vn-'c woslk Ao o canocorvntdoe wnrnraanh ‘-w«-:vnna-n tha
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sngineor probably m;gnt well use six as a figure for stress
concentrations in lap or scarf joints under tension., Means
for estimatinz the stress concentrations in other gecmetries
and types of loading are not avallatle and the englnesr will
do well %o apply s large factor of ignarance to any rough
computations he may undertske in this fieid.

Let us novw undertake to comp

v'-
A\
= 2 & 8 Y LA
[ Pt d B 4 4% 4 a% S 4 . A i R,
ciznie 3..?.}3 Jodnt in thin aluminus oxl\"e& o withstand I000 3ibs.

Aoad per inch of joint, Let us assume we are convinced that
i ne maximem average unit principal stress our adhesive esn
%24 and 12 10,000 psi, and that our adhusive exhibits a

¢ candard deviation of strengths of 500 psi. Let us also
ascume that cur adhesive after the rartiecular envircnmentai
expostre with which We are concerned cun withstand only 50%
of the load it couvld withstand initially, and that the ratto
nf the standard ﬁeviation to the averaze %frrng h is ¢ CDﬁTudnt
for ths adnesive, Let us apply a fesaltor of six for stres
ecncensration factors. Le? us "sau‘rp that not more than

1 bond in 1009 fall under the 1000 ib. load or from Figure 37
in Section IT the unit stress noint net exeesd ¥ -3W ., FPigure
32 shows a mathod for working back from the new strengzth

of ths adhesive to the arcs reguirec in the bond, cor in whi
arse Lna Len?%} of overidad.

2 the bonded area for =

s

i

Although this process 1s attractive in view of 4¢
simpliaity 1t 4z not overable for use at npresent beceus
ihe basiec inrormstion on atress concentrations and or the
effects of envircnment on the strength of adherives, 1t i
& be noted that the strength and staniurd deviation of nov
adhecivseg 18 of no real value in & design prohlem. ¥hat is
needed 15 data cn {tne averags strength and deviaticns of
zdhesives gfter various environmental szposures. In lieu of
this process the designer would 4o welli to employ s safety
factor of 10 in arsigning dimensions t5 zn adhesive bend,,
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Test Dats Showing the Influsnce of Some Design Parameters

— v

A series of correlated tests were conducted bty rpn adile-
give manufacturer on the bonding of \lecied Shear Lap speclmens
using a phenclic-vinyl adhesive. ror additional data see
NAVORD Report 2273, Comparative Dzta, These tasts {llustrate
mechaniesl belavior of joints prediczed by the theoretical
discucssion in Secticns III 11T, and IV. 1In addition , the
tests are on shear lap joints, which are one of the most
inportant applications of adhesive bon?ing for stres:z carrying
purpoces, These tests, pertincni to the discussion. are nuw
reproduced in full,

STRENATH OF ADHERTUVRETLY RANDRD SHEAR TAP JOTNTQ

Figuree 31 snd 32 illustrate tie results of tests on
shear lap specimens with varying adh:rend thicknesses and wit
varying joint cverlaps. These relata directly to sdherend
stiffness and joint geemetry. It csn de seen, from Figure N
that varying adhersnd thickness and overlap lenzth produces
marked changes in the average computed vnit strength, The
largsr tne overlap, the less the uni® 3trength for a given
adherend thicknescs, The thinner the sdherend, the less the
unit strength for 2 given adhesive, For s given adhersni
thickness, increase in Joint overlap dces not result in a .
proportionate increase in joint sirength and that a point is
reached whete any increase in joint uverlap does not produce

- e G e e e o o =

any aporeclable iancrease in jolint sirceiugth.
EFFECTE CPF HICH TEMPERATURE ON TENSILE SHE¥AR
Typical piain lap joints were unosed to and tested at
temperatures ranging from 70° to 19U’ ', The results are

88 folluws:

Chear Strength of Jolnte at Various Tewperatures
Plain jap Jointe, 3IY0 Wider 2487 AILCLAD

Shear

Thigkness Strensth Rate of [cad
gyeriap il Wetal Temperaturs nsi _ _  Percentape Appiicat.cn
o 036 2099 1800 X0C 35004 i min,

" 909F 13780 99

ol i 1100p 3700 97 "

1 t 130”? 3480 gl 0

" " 1500F 308C 1 Bt

" " 1700F 2400 63 i
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Shear Strength of Joints ct Various Temperatures

SU3
Plain Lap Joints. 4% dgp 235T RICLAD (Coptinued;

Shear
Thickness Strength Rate of loaf
gveriap of Mota) Temperature psi _ Percentags Appifcation
2" 5036 100°F 1200 32 3500 1 min.
Y %0 ’??°F 4350 100 05 1 ’=-‘ o
" " 3200 74 "
130 " 77°F 2620 100 "
. i 268°F 2180 83 i

Hence, it appears that ihe joints at 160°F, using this claess
cf adheaive may bs expected to withstand apprcximately 75%
of thsir normal lcad. It was noted that the strength dbecan:
normal z2gain when temperasture was reduced {0 room conditionso

FATIGUE TESTS

& series oi tests were carried out at 60 cyeles of iosd -

no inad tests untll the joint failed, the results are es
folluwme;

Effect of Rersated uoading on Single lap Joints

_awe wWide, 3/8" oOverlap "004:g§8” ALCLAD

eyeles to Feilure load #/" Fercent of Control
Static Pest an Control 3400 1009

OOO ?§3v 69
xceomo 2110 62
76, 300 1760 52
136500 1690 50
389, 500 12060 b1
786,600 S 1290 37

Aricthier series of tests was mada under conditions of
giterneiing stressez, 7The macnine wa: operated at 550 or
1300 revolutions per minute, depzndin: on conditiong. Thes:
dats, when ruduceé to 3mreze»cv :Je diagrams indicete & fatviroe
btrength of 10 to &C pounds per sauar: ineh. Expressed as .
percentage of ultimste flexural strengih gives the followin:,
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Cantilever supported 14% of uvlitimate
: Znd supported 5¢ of ultimate

Failures in the metal predominated over those or the adhesives
in the joint., The resulis are as folligws:s

Effect of Alternating Stress cn Single Lap Joints
i%0 ¥Wide, Cantilever and End Supported Samplies

248T ALOLAD.
Sunpert & Motal
Construction Thickness Amplitude Load
of End Plece Joch  Ipches = Lbe, Cyeles of Reverral
Cantilever
Support
1v0 cverlap .04 5/16 (1) 70,000
o " 3/16 n 1,154,500
i B " 1/8 n 3,510,000
2 D64 5716 2,75 154,000
i " 3/16 2.75 2,?2&,000
e ~0G2 5/16 8.75 .74 , 900
8 n 3/26 6.25 853,000
" .125 516 20.00 12250
e " 3716 18.75 96,600
5 1/8 079 2,647,000
i e i 1/16 6,29 5,007,700
B “ 1!%2 3.79 5,152,600
g 0,188 5716  5B.25 17040
W " 1/4 45,00 ’ 270
- i 3/16 47,50 18,300
" n /8 27,50 130,000
L n 1716 17.50 2,732,000
1 " 1/32 12.50 12,220,000
Cantilever )
Suppert 064 5/16 2.7% 127,350
£+ ovarlap " 3716 2,25 5,080,000
i " 1/8 1.75 10,300,000
& " 1716 1.25 97,580,500 (2}
" " /32 (1) 5,250,000 (2)
v 091 4T 8.75 92,300
v ' 3716 6.25 2,450,000
2 o e 3.79 9,000,000
" i 1736 2.50 7,580,000 (2}
n y 1732 .25 5,25C,000 (2}
b 125 5716 20,00 84 800
L " 3/36 %3.75 436,000

a8
{lg tecurate readings unobtalnable for such thin melsls
{2) Failure whnlly in the netal
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NAVORD Report 2.7

Effest of Altepnating Straee or. Single lap Joints
1v0 Widse, Cantilever and End Suppcrted Sampies
- 245T _AICLAD {Continued)
Support & Yetal
Constiruction Thickness Amplitude Load
of End Piece Inches Inchses 1bs, Cycics of Reyersal
Capti’ever
Support )
v overlap - 425 1/8 €,7% £0,000
n 1/16 6.25 '7.g§g 00 (2)
" " 3,75 O
" . 588 fs 5238 ' oo
y $ 3/16 37,50 2.200
" . 1/8 27.50 45,000
i g 1/16 17.50 181 000
e g /32 i2.5¢ 1,830, JOC
End Supports 091 /16 85.00 236 oo~
i") sverlap s /8 45 0D 8
i u 1716 19,20  5,5c0,000
" c12% /36 28,00 2, 080, ,000
0 .186 /18 8750 951600
End Qtppwrr« ~DéA 5716 173.00 10, 809
a/&u gveriap o /4 113.00 63, 900
o " 16 64,00 10 , 560
8 " 8 3.30 1,899, '600
. L /16 5.00 5, 742, 2000

JEPACT STRENGTH IN ADHESIVE AND RIVETED JOINTS

This serie: of tests were based on zingle rivet $oirts
of thcee sizes. Studies were made et three temperatures,
~700F,, 749F,. and 1809F. These impact tests were mads or
a Paldwin-Soufnwark Plzeile Impact Machine, with a spezial
fizvore for holding and striking the speuimeng The apparetus
wee chclesed irn & speclal heatirg bux, The results are a:
Toilorsgs

somparisen of Impact Strengths of Alclad Joints
&Ghesive Bond Alona “ Rivets Alcne - Adhesgive andg

Y M o amen™ -
Aiveis Fliain uu Joints ' wide X §' uvolaay

e _“g4~T &L»fkp (Cee next page) ..

89

1y Aceurete readinges unobtainable for such thin metais
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(3
(2} #211ure whelly in the metal
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NAVCRD Report 2270
4
Gomparison of Inpact Strengths or ~lclad Jeints 3
Adhesive Bond Alone - Rivets Alona - Adhesive & '
Rivets Plain lap Toints 4" wide x §" overlap
1064 2457 ALCLAD _ 8
‘ Diameter Caring Ultimate Impsst Strength Contmok ™
Description Rivets - Pressure(l) - O°F Sample(2) .
Rivels Alone  3/32¢ - - 1.9 - 239 -j
1785 - = 248 p.a4 594 E
3/16n - = 6.72 - 974 3
Adhesiv v 50 2.40 3@20 2 096 915 g
Alonn 200 3.0 3.e2 2.8 e =
~ 600 2.40 2,16 1.62 671 %
Adhesive and i
Rivets 3’1.‘2 30() 2 " 15 2 [} 24 10 84 ?13 :
3/1% 300 11,12 6,88 9.12 1,220 ]
EFFECT OF HIGR AND LOV TEMPERATURE ON IMPACT g
This series of tssis vere ccnducted on normally cured
bond using a modified Charry Impact Machins., The sampliss were
exposed te and tested at the temperatures indisated as follows: 4
Impact Strength of Single Lap Jointe ar Various ﬁ
Tenperatures 110 Wide x {" Overlan .04 2487 AL- g
CLAD Cleaned by Solvent Degreasing 1
Temperatiure Impact Tensile Shear (fi, los)
~40°p Over 14.4
779F Over 16,6
1220 Nver 16.6 5
I{ 13 apparent that vhe impset strength of this phenclie- |
v4nmvy 4s fairly constant besween -40°% and 120°F in the machine
used,

Crosp tests were condusted at the Batielie Memorilal

institute under constant somnparative test .conditlons

on normés liy sured bonds, Aversge

Y e m ey
913 §Exwie]

bond strength was 4,160 psi.

Sypecimens wers maln ainsd as the tesc temperature in an oil beth.
¥

20
S ) Ir pounds per sg. in.
[

Joints were vroperly prepered,
at 7%, Sl

i
2 Control samples were tested in tensile

shear to determine that
Valuez are in #/" and testec
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Sumrmery =¢ Oresp Tasts on Sinzls Lap Joint:s
170 Wids x §" Overlap 9065 24ST

AICLAD .
Desgrintion Average of 3 Tests in Egch Serias
Thickneas of Joint {(ineh) 202 .002 ~00% g
Temperature OF 78 156 1¢
Stress psi 2,650 2,080 ?oéc h,426
% of Uiltimate T 50{1) pra 50
Crsep rate of 400 hirs. - 0D0000HB2 nil nil 0000002
per in/hr
Total Deformation at 400
hr. per in. 00073 .0046 .0080 »0083
Piastic Deformation at B
400 hrs per in. ~00004 »0040 0065 L0067

SPREAD OF TEST RESULTS

In order tc show the spread that can be expected im
strength data on .adhesively bonded joints, the following wers
ochteined on a2 limited number of samples of shear lap speeimens -
made of s=tainlessg steel,

Single Lap Joints 4in Nickel or Nickel Alloys » .

100 Wide X 4" Qvepriap and gg;g dgég} Th;ckgogg

Monel 1632 418 738
"K® Monsl 1070 450 670
Isonel 1270 €63 951
Niciel 825 189 e

~Cloaned by scouring with cleansing powder and steel wooli,
Average shown is of 5 specimens.

91

{1) FPirst cclumn indicates an early scries of tests with a higher
{infttal vitimate strength, :
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SECTIOR IV: DONDIBG PROCESSES
Sepergl Considerations :

Tne production of high ouality jJoints reguires the
full recognition of all factors thet mey affect the quality
ol the bond such as: surface pre aration of the adherends
general handling considerations (prepuracion cof the adhesivs
for use and spplication to mating surfaces) fabriecation
feciinigues and heat tranaler considerstivns. As adhesives
vary vwith respect to the above factors, i1t is possidle oniy
to genersiise on these points. The inherent properties of
e particular adheszive forrmlation such a3 pot 1lifs, optimum
spreading rate and storage life are likewise importan
Considerations in any oveidilng process, and tne consumer
should foilow the mamifacturers® inatruetiona closely with
respect to alil factors invelved in the dconding preoness,

Surfage Freparstion of adherends

. The importance of properly preparing surfaces to be
bonded eannot b minimized. (11 surfaces siiould st lesst

be cisan of oil, grease or other foreign matvter. General .
methods for ecleaning varicus materials are as followss

=1
Ln

ao Glass

The plsss shall be elazned by heating in a sodium dichromete-
snlfurle seid solution followed by o thorough rinse in water.

Yo Metals

8. Freshly machined metals or surfucses showing only traces

of oxlde ecostings shall be sandad with No., 400 paper, followed
by & solvent rinse or wipe. The pieces 2hall then be degreased

in a trichloiroethyione vapor degreazing unit,

be Jerze parts shell be sand bl
-
{

blasted and the grit removed
by ailr hisst. [ollow with a soliveni rinse or

Wipa ©
¢, Plasties, Thermosecting

Remove the glossy surface from moiced parts by sending wigh
Noe 220 papsro. Freshly machined mzris or mclided parts which
have peen ssuded shall then be clisened by a degreasing
snlvent wach and wipe with toluene and/or methyl ethyl
ketone.
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4. Flasties, Thermaplestic

Molded perts shall bs dipred in a suitetle salivent to rsmov?
vold lubricants. Cauntion must bz exercieed in selection of
the scivent s¢ the® thes srfascs of ths materizsl 12 not
adversely affected,

8. Wond
Cand with No. OC paper and sir tlast
f. Rubber

8o The rubber surface shall be sanded or roughened with
& sceraper and then clesned with a light nepunac

bo Cyelizing of Cursd Rudbber: The rubber (natural) shall

be cyclized by immersion in concentrated sulphuric ecié
(Sp.gr.1.84) for a pericd of 9-10 minutes, Synthetie rubbers
(Neoprene, Buns & Hyear) 10-20 minutes. if the acid becomes
speni, these times shall bs inecreased to obtain the same
degreo of cyelization. When it teccmes negessary to

increnas the immersion time bevond 1% minutes; the &gic .
snall be discarded.

Assembiies recuiring only one rubber surface or one
edge to be bonded to the metsl, that surface oniy shall de
eyelized. This can be accomplished by immersion in shallow
trays. VUsoc may bve made cf a sulphurie aclid - barytes paste
applisd on the desired surface by a glass spatula or cther
impiement not attasked by the acid. The paste should be
in contact with the rubber for 30 minutes. It is essantial,
heowevar, that a laysr of unspent acid be 1n contaet with the
rubber through the entire trestment.

This paste 13 ma@e up by adding barytes to concen-
trated snlphurie acid (sp. gr. 1.84) until a paste is
formed thet will not rur, but will stey where plazed.

After the scld trestwent; whecher with the llouid
or puste, the rubver shuld be thoroughly wsshed clean
with watlst and drisd, In the gase of the pesie upnliesiion,
rubbing during washing le desiratble ¢to remove gll the
barytes.

Cyclizing one surface muy alg. pe rnocomplished by
the use of shallow trays with the aid »f glass or asbestos
eloth acting as a wick between the ze¢id and the rubber to 5
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ne oy&iized, or parig not to be cyelired may be masred o;i
Oy epplying @ coats of Geon lavex PX8 manufactnred by B. Fo
rcodrich Company, Akron, Chic.

The coati g produced by the acid treatmwent shall be_
broken to such un extent by flexing, as to produce = finely
crackea surfsacs.

Avplisetian of She Adhesive

Practically all commercial adhesives are poliymeric
nateriaia of natursl oﬂigin, or synthetlis rubdbers or rgslns
end thelr cambinat*vnso Thess muter1als are supp L

AN, o~ -~ -y s - 'VI.-.-I.-
Vi 1A Ua .&J.uuaula paouva; iAadue ukuv.to msu FRF QR RRYY

powder combinstion. The preparation of the sdhesive fox
use, other than mechanical agitetion, may or may not te
necessary, depending on the ch:emical stage and the form
in which {t is supplied.

Por proper spreading, adhesives are ganerally applied
in liouid form, or are liguified st some stage in the dbonding
prosess. To achlevs strangth and g cegree of permsnendss,
seitine must take plage. ILicuid adhesives lend themselves
%< bruch soating, dip cuating, spray coating and roiler
coatiniz 4f they are of low viscosity. High viscosity
materiais may be applied by kndife cowting or caulking gun.
The film thicknsss deeire¢, the mumber of pleces to be
coaied, and size and shape fac{ore largsely dstermine the
application technique to be employed For s gilven epplication.

The setiing of the adhesive may invoive a simple
vaporation or absorption of soivent by e porous adhersnd,
sol»pgei or liould-solid trznsitlions poiymerization
pracesa or & combination of these 3 Setiing of the
sdheaive may be affected &t room or 2leveted temperatures,
dewandkng on type and chemicel stage.

-

b
ulres
ed in

A general clageification of adhesives according
material tvne, physical forms svallanle, additives re
rrior co use, and cure tempersture recuired 18 presen
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Table 7 !
Ganerzi Clansificaiion of Adherive Materislie and Their Fandiing 1
I 0 T "
® T
£ 8
- Adharive Materisl s 5 “n 4‘?5 Additives :
E | Type ,_,-"é + e @ Pequiyed Prioy
¢ g §2 ,E Eg 4 To Tze
(g ) ?- g s & 5 o
™S &, . €
£ Y
4}
Fowder|] None PP R Nons
Epichlsrohydrin-<BisPhenoi Liguid| None bid s n Amines
Liguid | »p B |antnes
x Furfuryl Alsochol Liquid] & PP R Aold
ﬁ _ Mlm None 244 H None
& | Phenol-Formaldehwie Powder PP ;| Aefd or ATkaii
§ Liquid} A or AW; PP H None
5 Mie Yone PP H Nons
Phanecl-Aceta., L2quid| A PP R Kone
E Laquial ¢ B % | tcwder
g Resorsinol-Formaldehyds Liquidf A™ PP R | Paraformsidehyie
§ ) Powdey PF R *ater or retear-acid i
: g | Urea-Pormnldshyds Ligutdj # PP R-H Aelds ov z20id - ]
3 “es it
g g preducing salts
& & ™Min Rone PP H None
E Meianine-Formidehyde B =larF PP =Y “atar
g Liquid PP |
3 Polysster-Styrens L3guid] Nobpe PP "R Peroxide Urtalivets
- E Cotalt Agouierators
. g Cazivices Acetate Tiouid{ PX er R Nene
= Celluicas Aselate Butyrate | Liauldy FX R i3 Nona
ar q
% o Cellulcse Nitrate Liguid} FK SR ft Hene
2 "R
- L% 1 VinrFi Acsial Linuid: FE SR L Neme i
LAP
g; B Vinyl teotate Lequid| PK er | n Nune }
Y owd " 2 = e I
| B gg Vinyi Aleohol tinuid; ™ i ] Nene .
l E‘g Vinyl Chloride-Acetate Lisuld| X SR B None
i “ | Styrene ! Liquid) A SR R Ncne .
, Xethyl Vettmcrylute Linuid| E,H sa | n None
95
i
§ e e e e 2 a
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Tahle 7 {continwed

T 7

f :3 "q £
. Adhesive Material ~'e | & «E1 Addatives
£ 2 Typs o | F SE1 B | “eavired Prior
© E am g ] X - Ty Tiae
& * ) &0 O
* P < v. V. &
& £ -
Ne tuyel Liquid | H,™ R R Nons
' | v RH | *
Reclain Liquid| H,™ €R R None
H v R-H *
Fecprone Liquid} P,H,X SR R Nons
g 28 i R-H | *
& Ibutyl Liquid] ® R R | Yome
§ . " v RE |
% |Butadiene-Aerylonitrile Liquid| H,K SR R Nene
6 x> |v FeH | ®
Butadjene-Styrare TSaquid! M K. ¥ SR R None
Thiokel Licuid} H,Y SR R
;4 v R-H { Lead Peroxida
5 {Ch.oropiwne/ isniltie Liguiid v F Hone .
o |Butadiens-herylonitriie/
% Phenolis Liquid} R R-H | None
S |Butadisne-Acryionitrils/
" Vinyl Anetate Licusd SR R ¥ane
5 |[Casein Licuid CK R Formaldehre
§ Powder SR R "ster
S {Animal 20j4ds *R R Tatar
g‘ " ah‘
& 1Sy Bean

&, Cule for Spiventn
AsAlcchols
Eslthers
PaPatity Acid Eaters

Heiromatic Hydrocarbons

¥=oKetonea
F="ater

b, sods for Cetting "eehanism

PPzPolymerization Progecs

SR=Snlvent Relcase

CReChemical Reastion
VaVTuleani sed

*The addition of accelerstors my or may
not be required for vulcanization,

»

9o

do Curs Temperaturze
R&'f}"\gwaﬁ.ﬁ?.
T227=-2130%, ’
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As will be noted irp Tashie 7, the mndarifv of the ;
adhesives matverials ars supplied in volatils solvents, or ‘
&8s powders which recuire the addition of lisuids rrior to ‘
their applicaticn to mating surfaces. The relsase of these
voletiles is fundamentel in obtaining optimum resuits. !
Consequently, » c¢ritical control must be exercised over the
amount of voiatiles present when the assembl; is closed,

In addition due considaration mist be given &3 to wnether
zﬁa asgsembly 13 tc bs procossed at room or slevated tempera-
of . J.

* Mt

KOCM TEMPERATURE OPERATIONS

A ﬂnﬂ\!" ad 0.-5 FTan o 6;:.-4-7“3“«&111»& k‘snil-'nn e\v\amgt"cna 4;-

B <+ e S wet - Ao & A

that the adhasive be app14ed to the mating surfaces and eloeed
while the adhesive is #ssentially in 2 semi-liguid state, o

that the film of adhesive be capadble of reactivation to = 1
tacky state by wiping with solvents. 4

3V Pecpoiiiataime, L.

Forous adherends such es cork, leather, paper and
fabrics may readiiy be bonded to msterizls of iike or unlike
gomposition with =olvent release adherives of the thermo-
viastie polymer or ruvber-base types. Maxlimum bond strength !
will be obtaiuncd only after the major portion of the solvent :
has evaporated and cnly residual traces remain, The rubber-
basd adhesives may be of the non-vuleantiziang or self«vulcaniz;ng 1

Types

Porous adherends such a3 wood may bs bondsd wi
adhesive materiais of animnl or vegetable origin =t cm
temperatnres. However, jointe febricated with these matarisls
are lass durablie than zhose made wlth synthetiec resins su;n
as ?esercinol or resoreincl~phencl types. As these synthetic

ina are in solvents end are so% by the zaddition of hardeners.

a ra*her close control over the openr nasembly time 1s necessary

-
3] th
*n
Do

Thermeniansetie adherends may be honded to each other by
either resctivating the mating surfaces wicth zn arprarriate
solvent or by assembly with s chermorlastiae polymer dissolwvad
in a suitable solvento

Thermosetting pvlastiscs may be bonded to seth other with
enitahle thermosetting resins such as resorcinol or vhencl-
resorcinol types.

The bonding of rigid non-perous adherends such as
glass, metals, thermoplustics and hard cured rubber to
themselves and in combination must usually be carried cut in

97
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Fueh a ranner that substaatislly all volatiles are sliminated
before nlpsing the sssembly if high strength void free jolints
ere to e resglized. Consequently, adherend systems comrosed
of thege materials are generally pregessed by prssuring the
coated parts prior to sssenbly, and then curing the assembled
parts under h2at and prssaure. However, it i1s possible to
obtaln joints of good gquality for some applications, by room
temperature cperations, using ncn-zolvent 100% reactive liquid
type polyester or epoxy cesins, Polyester type reains will
produce high strengin Londs with zlass, metals and polysster
laminates and their combinations. Epoxy resins will produca
high strength bonds with setals, phenolic laminates and
Syeciized herd rubbers and their ¢ombinations.

In bonding metals to non-metals & single adhesive ils
often unsatisfactory for hig? gtrongth tonding =ither La2causs
it 1s not posaidle to satisfy the bonding recuirements of beth
adherends with a one adhesive system or because the non-metal
adherend will not withstand the temperzture necessary to
Procesas ths assembly. In addition; the geomstiry of the joint
may not be condueive tc tha application of substautial pressures.
For these roasons it in often necssysrvy €o anply and then
either pre-dry or pre-cure =n elestcmerie primer coat on the .
metallic adherernds. KNon-metallic adherends such as thermo=
plasts or thermosets may then bte gttached at room femperatures
vy using sagondary sdnesives such a8 resoreinel to which

hardener hes been added.
ELEVATED TEMPERATURE OPERATION

In general, the hipghest strengtn adhesive and the
most durablie under various environmenial expecsurss are of
the thermosetting {(space pniymerizing) clasa, Although
some adhesives of this class wmay be 202t at room temperature
by ths usa of sddition agsnty,; the majority requirs cure at
eievated temperciure. Pressure, temperature, time. rate of
hegting, and thermsi expension coneiderstions bacoms factcrs
i ¢? considerable importance as they have a besting on the
% ultimats atrength of the bonded jJocint.

" s vrmamecdhcotm a -8 Adaa <024 %% Qe Vv rwsn Blha oHlna oD aEm
4 ':."Jk.'CA A LVULC t2lsL Uidd®W WA Ao LdIg JVA7518%-T LILT QANLLS oa PO
strength in that they determine when the film has beer

comrlet=ty cured.

Pressure may nave a bearing upon the uitimate strength
hecause 1t direotly determines the amount and thickness of the
ndhesive film, an! insures maintensnca of the desired contact
despite flash or shrinkuage of the filan.
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The rate of hasnting 1e¢ importand, especially in the
case of thermosatting adhesives, vhen {hay are in the form
of Tllrs, nowders, or semi-solids~ A low healing rate nsy

#ause cherdeal conversion to e cured filx bafore the desired

flow eharsoteristies sre developed. This tends to prevent
adequate welting of the adherends at moderate pressures
hence points of weskness in the bonded joint. <CJenversely,
too rapld a hoating way canse the adnesive to become 3o
finid that the bond will show an adhesive deficlency.

A requisite for elevated temperature bonding is that
substantially all of the volstile solvent be removed from
the adherends coated with liouid adhesives prior to closing
the gssemb.y. 7JInis 18 of particuisy imporiands, especially
if the adherends are of a non-porous nature and maximum

strengihs are $0 Lo reslirzed, DBoth thermarlastis and thermo-

setting adhesives, whether thev dbe in liquid or solid form,
ars gerncrally quiio adaptable to procassing at elsvated
tempersturas depsnding on the geometry and stability of the
adherend systetio

To help alleviste residual stresses upon curing al
elevated .emperatures, iwo rules may be applied with regard
to thermal expansion., First, if possible, all portions of
the die or slignnent fixture are hested to a unifocrm and

constant temperature, Cold 2r hot sxts are bound to produce

nog-uni fsrm expansicnz resulting in either warpage or undue
stress cn the bond. 3

be 2lliowed t¢ reach maxipum expansion before pressure ig
aprijed. Parts are placed in the curlng firxture in their
respective r~siative positions and the adherends are brought

Just short of elnsurs. A short predetermined time is allowed
for the parts to heat, after which time the assembly iz c¢lcsed

and pressure applied. Although not eliminstihg residual

s%tresses, the aforemen?égnad rules will propsbly reduce such

stresses to a minisume

APPLYTNG THE apresTve (12)

The following digcussion gives a brief deseripticn of
mathods of adnesivo appiications

Brushing

Yor comparatively small areas or for assembly gluing
operations, the adresive is scmetimes applied vy brushing
with stiff=bristle brushes or from serrated paddles or hand

Secondly, if possidble, the parts should
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operated extrusion guns. These methods are seldom applicable,
hovever, to larzs scale produotion opsrating provedures.

Spray~fun Apvifcation

The use cf & spray-gun to apply adhesive is usually
limited to cases whers repeated appiicat’ ons are negessary
in order ¢0 Luild up the required adhosivz2=Tilnm thiecknes2
or ¢o cases where the handling ¢f the member to vwhich adhesive
is to be applied is 4ifficult, The spray- method is seldom
used in large scale cperations, becauss (1) the amount of
solvent for the adhesive which is recuired te reduce the
solution to a suitable spraying viscosity introduces solvent
vhich must subsequently be evaporatedj (2) the overspray
results in the waste of a conaiderable portion of adhesive;
and (3) suitadble spray booths or other ventilating egquipments
are necassary to provide disposal of the sclution vapors.

Doctor Blade

For the continvmus spplication of adhesive to ons
n

eida of 8 flexihle maieriel .  ¢he avatam of doctor blade

and blanket has been widely used., The arrangement of egquip-
ment 48 similar to that used in the coating of paper or ¢lotho
The mateirrial to be spread with sdhesive is drawn continuously
over a supporting dlanket, nsually rubber, which is an endless
belt, moving on a roller system. Against this resillient )
backing, the web to be coasted is drawn asrnss the edge of

a dogtor blade, and the adhesive is fad to a peel in frong

of this nlade.

Dip Tenk snd Rip Rollia

The most common system for The impregnation and
appilicavion of adhesive to both sides of material wnen the
msmber is flexibis, as well &z coutinusu

of paper, 1s the dip-tank and nip-roil scheme. In thia

system, the contimious web is fed over a roiler system and
compiotely submerged in s tank containing the adhesive
solutica. The wet leaving the tenk 1s fed through a peir

of roliers which uare adjusied Lo Tomove Thé €Xisss adhissive

and provide a uniferm spread. The amount of adhesive applied
can be varied in such a system oy changing the gap or pressure
between therip-rolls and alsoa, of course, by varying the solids
concentration of the dip batiioc This sytem is used extensively-
in the preparation of paper-base and cloth-=base lsminates, and
rany minor variations ars in common use,
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Rcller Spreading

Tne applications of adhesive with roller sproaders i
rneetd comnon when rigid or predimensioned pileces are involved.
In a roller spresding system, the adhesive 19 distridbuted
over a roliler from a raservolr hy the setion of a doctor
roller, The adhesive is transferred from the application
igiler to the bonding surface as the pleses are passed over

When relaztively heavy apreading rates of adhesive, 6C
to 190 1bo. of 119uid adhesive per 1000 sq. fi. singie gius
11&9, are involvsad, the spreader rolls are ususally metal,
and tns surface is corrugated. For the 1 T s8preading
rates as for synthetic-resin sdhesives in ithe region cof 20
to 50 1b, of liquid adhesive per 1000 sq, ft. of single glue
line, the spresder rolls are usually rubdber=coversd and
corrmigated. The rubber covering permitz more even apreading
rate by adjustment cf the doctor roll pressura,

f
44
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Although wide viscosity variations are encountered in
commereial spreading operations, an adbsolute adhesive viszcosity
£ 20-30 poises is usually considered optiaum. 7he upper 1imii
for successful spreader operstion, particulsriy with rubber
spreaders, is approximately 200-300 poises, Some difficully
may be encountered with such highi viscosity sdhesives. however.

Appligasion of Pressure(12)

The use of pressure during any bonding operaticn may
vary widely, depending on the psrticular adhesive under
congideration. Prassure during any bonding operaticn has
several functions. The coating of the sdhesive in the joint
muse be reduced to a tuin contimious giue Jine of uniferm
thickness, and in most cases 1t must be distributed uniformiy
vver the joiht. Mcst forms of adhesive syreading ars likely
to be unevren, and in the case of glue-roll spresders the
adhesive 18 sctually applied as = serizs of ridges ¢f adhesive
spreed. Tressure also serves to eliminete any imprisoned air
and t¢ force the adhesive, during the flow period, into
irreiwlarities or pors spacss in the surfioge of the materia
ts be bonded. This is particularly importance wnen oniy one
maticog surface is spreud with adhesive- Pressure during
bonding alse serves to hold the twc sides ol the Joint in an
uninterruptedly fixed position during the perlod reouired
for the adhesive to cure or set. YFor maximum strength. the
prassure should be maintained substantially &v a fixed level

during such bonding operationu.

la
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Degeribed briafly hare are the meet cor~ n methods of ’
avplying pressure during a bonding Speration:

CONTACT OR ROLLER PRESSURE g

Laminating under the low specific pressures which can
be sghieved with rollers or between a web under tensiocn and
& roller has until recently dbeen confined to the manufacture
of milti-layer paper boards and similar omaterials with
adhesivaes of very high tack. Such pressure systams ere used '
in the namfacture of corrugav.ed paperboard and solid fider-
board Jaminates. The develcpment o the sc~called contact
laminatiny res*na has extended these pressure systems to the

continicis memifectyve oF Dg,unu‘uu»u and cloth~base laninstes By

in which the supporting web is celiophane or coated papers
The pressures obtained in such a laminating system are of a
very low crder and are actualliy conly sufliclent to bring the
flexible adjiacent layers into contsoto.

CLAMPS AND SCREWS

Willaolie du

One of the commonsst methods of applyiog pressure,
partieunlariy in the woocd-working indusiry, is by the use of
seréw jacks. The pressure applied by the tighisning of a .
screw or mit. of eourse, requires distribution over the area .
to be placed under pressureo In order to obtaln uniform
pressure when several serawa are required for a gilven assembly,
the screws or muts are usually tightensd with torsion wrenches,
or at lea2t the pressure is judged during a marmal operation.
In some cases, motor~driven torsion wrenanes are smployado

e

Retalning clamps are often used as san adjunet to
hvdraulic presses, particularly in 2old-press plywood
operation, where the assembly iz compressed under hydraulic
preassure 1n & cold press us described beliow, and the bale
or assenhly is maintained under pressurs by the use of
retainicg clamns,

PISTON PRESSUKE

The préssure exerted by pneumstic or hydrenlie nlatans
has several. distinet advantages: Lt is measurshle and, under
automatic control, ean be contimious- Hydrsulic pressure can

usualiy be nuiokly and ensily apnlied and is partiecularly
suited to repetitive operations on a short time cycieo

Fheumauic piston pressure 1s frecuently enccuatered
vhere Iight work is involved but becsuse of comrressor
limitations is seldom used at piston pressures over approxi- -
mately 100 psi.
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FLIID PRESSURE

The pressure davices outlined shove all suffer {rom .

the limitation ¢hat they are unidirectional and, even with

ths use of rigid dies, produce complicated pressure systems
Wwhere aregs of curvature through large angles are under
consideration. In cother vwords, when unidirectional pressure

i1a applied to curved surfaces, ths pressure component exerted
at any point on the curve is proportional to the cosine of

the angle between the dirsction of pressure and a perpendicular
to the tangent of the curve at the peint in quesiion. Where

curved sections are under considerstion, fluid or omnidirectional

nrassure is the solutiocn.

The simplest form of fluid pressure 1s obtained by
enclosing the sssembly which has been lsid up over rigid
male dies in a flexible, not necesssrily extensidle, imperviocus
bag and then exhausting the air from the interior o% the
assembly. The atmospheric presgssure is then exerted over
the wvhole area. In such cases, obvicusly, the meximun
cotainable pressu~e is atmospheric and therefore limited to
approxvimately 1€ nai,

The next step ir the develormern, of fluid pressures
was the enclosure of siich an exhausted assembly in an autociave
and applying steam or air pressure to the ocutside of ths
rubber bag and thus incressing the available specific pressured

Lonon T8 e i » mond
ADL &g, +

From the previocus discussion, i1t iy seen that bonding
often revuires definite heating cycles to be used in order
to ¢&b%tain ¢he uiltimete strength of the adhesive. A deviation
frcm the prsseribed cycle mey yield a joant deficient in
gdhosive due to improper flow properties of the material
during the preliminary stages of its cure. The importance
of this consideration warrarts a prief review of the funde
nenital modes of heat transfer.

it 11

[ S
UiegrigdiiLaws

W

. %%iunderstood that heat may flow by threae
VT yets :

<

oy &

CONDUCT IOR

Heat 1s transferred irom one part of a body to 2
another part of the same body, or fromw one body to another
in physical contact with it, without appreciable i!:placement
of the rarticles of the bodye. .
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The tundamenta) law of conduction is thw’ the rate of

heat flow, or heat content d4/d4¢ , is proportionsl fto the

ares of ercss segtion 2 and to the temperature gradlent
»n“}dxu both taken at the point. The proportionslity Te«lor
K is called the thermai conductivity, defined by the eovations

%‘f; = = KA gi

In the English aystem k will be exprassed ast
{Botouo) (hr.)=1 {£¢.)°1 (deg, F.)°1

It i3 found experimentally that for a given isotropic
subetanacs the thermal conductivity depends essentially on

'its temperature. Furthermore, excapt for certain spesisli

cases, the conductivity Qhaﬂg&a relativaiy siowly with the
tenperature.

AT this point it would be wsll ¢o define another term
of consziderable importance in the study of thermal conductivit
This 13 the thermal diffusivity which is defined by

£ sk
'

where ¥ is the coefficient of thermasl conductivityz ¢ the
specific heat of unit mass, and @ the mags per unit volumeo
T% ceours in the Pourisr squation of temperature distributiont

b ’ :
@ -k | do+de + o]
at €c szg 3y*< ?z%}

whare @ is the temperature at any point determined by the
coordinsces x, vy, %, and t is the time. It 1s therefors seen
that the raie of temperature change with change in tima gt 8
given point is dependent upcn &£ . The thermal diffusivity
13 a pnysicel qaantitj which takes into eccounc the neat
oragw property of the materdsl, and iz tiie index of tha
pidiecy with which the internal tcmnerature of » slgd made
the material .nereases when heat is suddenly sppiied al

n exterrnl surface.

A
3L
a
’
14

julEe IRe BNV N

Brisfly, for & given material, the thermal conductivity
i5 a measur: o7 the rate of propagation c¢f heat, whlile the
thermal diffusivity 1s o2 measure of the rate of change of
texperature. It is interesting to note that the dimensions
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o e . o
of the ~hernal gilfusivity are LT {i being iha dicension

ot leng.h and ¥ that of *1ae) vhere neither s heat or
temperatiire dinmensions are presend.

Sy 0y
Nl

Tie thermal conductivity and thermsl diffus’vioy ?
u% reinforced plestic materia s sre given in NAVURD
£ 2273,

o]
T

vari
Reps
CONVECTICH

Hent is transferred from one point to ancther wjthtn
a f1:3d. gas or ligquid, bty the mixing of one porticn of th
Juid with another., The motiorn of tha fluid may be sn?frolv
fhe result cf difference in the density resaiting from ihe
temperature differences, as in ratural convection; or the
nmotion may te produced by machanical rieans, as in forced
convectiono

1. the flow of fiuids; even at ttgh velocities, a
residual f£ilm persiste on the svrface of the rwta*nlng wali,
iIr heat 13 passing through the retaining wall to the fluld.
the comrarstively stapnant £ilm is of great inportance in
determiring tha rate of raat transfer. This "olicws fron
the faz:s that all the heat resching the bulk of the fliuid
must pass through this f1lx by conduction and that thermad
condoetivities of Thilds ave lows s¢ that althcugh the film
is thiz, the resistance offered by it ¢c the #7ow of heat
is large. On the other hand,; teyond the film the turbulenc:s
brings »bout a rapid equal*Zation of “emverature, The
thermal resistansze o the film is cvise difficul: vo nmeasuie
and an indirvegst metiio¢ 1s usged for th-ir cmleulation. The
Cilim coelTicient can te defined by the relationt

ny - i g
AU‘V\T:‘!:};‘\:)
Ty is tihe temprraturs at tne outer surface of uhe film anri
o is e temperaturs av the solid-fiim intrr
Mok reszearyrsh Wz peen dons on chie deteraincaion of
fiim how¢fi<1enta and many eousileone nhave beev deveioped I+,

their e adwr tion under spezifie <oundld ions.

T:ne Dittus-Boelter ecuaticn is ndicetive of the Lype
‘Cu'ciiéi used for evaluation of film coeffi:lents Tor
fluiub 1 turbuleut Fhov Innside clewn round plocis
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W o~ enefficlient of hest transfer

o
§

= dismeter

zﬁ
bl

thermal conduativity

= linear velocity

o =B
3]

= density
A4 g viscosity
c

i

specific heat

Meny variables are ercountered in the cailrulation of
film coefficlents and the mode of evaluation will depend
upon the perticular applicstion in guestion.

Rii TATIOR

Hent i3 transferred in the Jorm of reclant energy whieh
i1s emitted in all directions. When this enerzy strikes
ancther nedy, part is reflected and part mey be trangmitied

unchenged through the body, depending on its degree of
cpacity. The remainder is sbsorbed and quantitatively
transforned into heato

The fundsmental 1aw <overing the trensfer of hest by
radicrticn is Stefan®s law: {black body radintion)

a = bAT#

the area of the rediating surlace

= =
JL

bl

its abscliute *emrerature in degrzes Rankine

t all termmeratures above quOLutp zerc
o

A4 e < L B
>OTGInE 4 Stefanre law. “onaider 5 small

a
aec
. . and temperature Ty conrletelyr surroinded hy
body of temperature Ti. The net ancunt of hest
tr sferrel from the hotter vody to ths colider body 13
therefors the algebrai sury of the radiation from “he tvwe
roding, 30 that Stefan's low may be wriiten for the case s3
q oA(Ll f‘24)
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re U - 0.373 x 108 Brusleq.ft.)(hr, )/ %Fankine.

£ 2]l of the hest radiated hy the
ctter snd is shsordbed by 1€,

i

.&L

zp

£
L

This assumes, howvevsy, tha
gonler bvody falle on the hot

Ro actual substances fulfi.: this last assumption.
Ingstead of absorbing all of the radisnt energy that falls
on them, they asbsoarb only s part of 1t and reflect the rest.
An *dea* black body i3 one whieh refleuts nong of the anergy
falling on it. Most obJects with a tte black surfsace
spproach the theoretical black body closaly enocugl: for
vractical varposes, Folished metal surfaces and white bodies

dev*ate ﬂidely from the theoreticali blilack tody. It may be
cwever, that ineide o Alnaed snacs whers the tempera~

ouvnu{ lAvn\wvv. Veara W evasnr e
8

ture aniform throughout, all substances, no matter what
their color or surface, behave as dblack vodies.

Since no bodies actvally exhibit black dedy e¢mission,
another term mist be included in ths Stefan law to glve
guantitative resultss

L
g = £€FLAT
The term € is known as the emlssivity of a surface. (139
Emissivity factors for various substances are as followss:-
Saurface Temnerature {(°F) Emiszivity
7u lametlack 1C0~-70C Do9h§
2. Aluminum {polished plate) 78 0,055
3. Black lacquer 100200 0.8C ~ 0,04
4., White Lacquer 10C-20G 0089 - b.vH
9. Oddlized Iron 320=-311C Oobty ~ 0.70C
DIELECTRIC FEATING
(-g%,

Tieh fregusney Alelectric heating (24, uged to
e01ﬂiderab extent Tor elegiiicas aon~conducting ma“‘“«ais
aieh g3 wood, nlastics and rubber,; as a means cf proﬂu»i.g
diras? hent thronchomt a pgiven mase at a uniform rate. The

proceses is carried out by placing tne material To be heaicd
betwaer alentrodes, vwhich in fu*n are connaetted to the souraee
of an <lvernating electric potential or OSw iilator. Tha
bighh freasuency f?c-d set up between Tne electrodes L8 passed
through the material end causes the ncleasules to align
themselves tc the rapidly alternating reversels of field.
Thi 3 molecular motion results in friction and csuses the
matariel to absorty ¢he same amount of enargy throughout its
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crcas section, with the result thst the tewperature riss is -
uniform regardlesz of its thermsl eonductivity.

The power recuired to hoat a nep=cenducting marverisl
is based on the freouency of the field, the souare of
voltage across the mass, the dielecirie constant of the
nsterial and its powver faetoro

Fowsy

1]

141 BTy 4 x 107 wats

E = voltage

4]
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loss ffaotor {pcwer factor of material times
dielectric constant)

A = Area of material, tco, in.
t = thicimess of ma*erial, in.

1s formula hias been suggesisd by Induction Hzating
Corporation and i3 for heating of dielectries having uniforn
sections, If the material varies widely in shape, density,
ang moisture content, corrective allcwances will have to be
nace, &

The freocueney nused shovld be one that offers tae
greatest loss factor so that the maximsun capacity of the
oscillator will be utilized:. The voltege used should be
as nigh as possibie but slightly heloew the polnt where
flashover oeccurs. The usval pragtice is to ralse ths
voltage until flashover tekes piace, then reduce it to »
safe cperating value.

This brief review of hosgt transfar indicates the
methods of heating that can be utilized for the haating of
adhesives tc their cure temperature. Heating devices which
are availsble include presses, ovens, sirip heaters, cartridge
heatera. Iinfrs read Jlampa. hot Inida and diclertrics heatera.
Each annlication reouires special consideration and the seleg-
tion of the method of hesting ¢o be applied will depand unon
the peculiarities of the case in ocuestion.
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SECTIUN Vi TEuT Aky INSFECTION MEYHODS
Gerergl Discussivy
There are two distinot approaches to the probiem of ’

designing engineering structures wnieh incorporate zdhesive
jointe. One method is to build the desired atructure using
some adhesive and then test the entire strucsture by exposing
it to al) the faorces and environments to wvhich it will be
sublected and obaerving whether or not it performs in a
satizfagtory manner. The other method consists of choosing

an adhesive of known physicsl prcperties, and designiog =

joint in which it is snalytically determlned that the Sanesive
strength will not be exceeded during the iife of the structure.

The rirst method must% be used wnare small salety factors
are ussd in au-wuuuxca too complex for accurate analvsis such
as aireraft. 1In genersl, however, this method i1s only practical
where it is etonomicalliy feas;ble to buiid mumerous complute
assembliss and smpiricallv dsatermine by a comprehensive testing
or field evaluation program the suiltability of the adheszive
aprligation. There is also the diszsdvantage that each structure
configuration mist be tested independently.

The second, or anrlytical, nethod reouires the determina-’
tion of the ctress distribution in the joints to be bonded, and
the choice of sn adhesive whoss physical properties, when used
with the adhersnd materlals involved are kmown or c¢an be
determinad by tests.

he designer can, with a reasonable degree of accu:.acy9
compute the stress distribution in simple structurea made of
an engineering material such ag atsel which can be considered
isotropic, nomogenecus, aud wnich obeys Hook's Jaw for smail
daformations. However, the inclusion of an adhes;vely tonded
joint in a strucinure uniting, as it does, two widely dlssimilav
materials, vastly lncreases the ALfficuity of ascerteining
atrese Aletrilutions. T?e nvaluztinn of the shear =nd tenzile
properties of an adhesivs which are pertinent to the anslvsis
of streases in s bondad Joint is also rendersd couwmplex by the
inherent discontinuocus nature of a bonded joint. UOianc and
Reisner heve pointed cut that the stress disiribution in «

L] & - -
simpls }_a; C..:‘... '“rlgxh A&’nelf‘orﬂh!v ‘»ﬂ""\ ?h! ‘l’h'll"l!ﬂ’qg TC}

elastic mo*u;ue retic of the adhesive to the sdherend, «nd

that even in this geometrically simple conflguration stress
analysis was only pessible by utilizing 9impl;fy1ng assumptions ,
which represent cnly *two extreme ceses of adhesive and adherend
slastic modull,
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The Amavican Society for Testing Materiais nas
invasticated a number of tests used to evoluste adhesives.
Some of these have been aésptad es standerds and othe»s
aceepted onxy tentativelr, The significance and 11 cations
e scme of thsse tests ohonld te understooa py ine enginest
who wishas tc use then as & dbasls for the evaluation of any
adhasive-ndhersnd combination.

The methsd which the ASTM has adopted as siandard for
the measurement of tensile strength appears to have several
andesirable faatures as a method of determining the ultimate
tensile strength of an adhesive. It appears that the adhesive
film is not strained uniformlvy due to the proximity cf the
adhesive bonding sres, the load application, snd points of
high stress concentration csused by specimen geometry.

Wnen one wishes to determins tha tensile strength
of a material the usual procedure is to make a 1ong test

snaatimen nt the na#aﬂ‘a’ hawine ln\ anlesrged erda o whioh
- e ata TN Tisara v s wea

a load can be applioa, (1) porzion- shich form a 5entlo
transition bYetween the ends ard, (¢} a center portion cf
conatant ornae nantional arse. Such a speaimen 12 maie
long so that there will be little or no irregular aistri-
bution of tensile stress in tre central portion casused by
the grips holding the enlarged ends., The specimens are
eniarged so that the maxizum stresses deveioped thare due .
to the test and gripping forces will not csuse local failure,
The trausition sections serve to isclate the test portion
fror any high loesl stress conceatrations in the gripping
rertion: and allow the streszes t¢c incremse steadily, (but

not abruptly) to & maximum in the center section. $hﬂ
gradunl reduetion of area in the transition sestion aiso
prevents the development of any stress coneentrations beyond
the gripping rortion. This specimen confikuration results

in the test portion having uniformly dlstributed stress
&¢ro38 any sectiono

If ve comnare this tvpical tensile speeimen with the
cne adoptsd by ASTM for adhesives; we see that the specimen

Yiee no trangition bvetween the gripping portion and the test

immn e d oo Sha handd dn wimd R aanVSadbad Q*f\m Fra At wmntn
IVYe LAVLIAG bllv JUALUJI&LG u:.vu AD IV Y LO2VAR PUM A& VvaeD ,r-..a-yusn.g,

;ur*ion, and the test portion is very short vith resract to
i¢s diumeter. Because of these 4iff renres there 1is good
reason to guapect that the zdhesive bond 1s not sudbject to |
s uniform tensile load, 1.&.4 the bonding surface distorts
from a plain surfsgce us tha test losd is applied resulting

in different lacations in the sdnesives

13l
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Ths differ 1cw in test loads o oasusa Tatlure Iin the
aneoinens of ulf ant lengths wouild szem {0 corrabocate
the<e suspicions,

The tyre of distortion ore might expect from tks
goometry of the spevimen and resulting stress distritution
on an elastic adhesiyve are shown telow.

_%  _strain at canter of adhoes
1/2 original ive

adhesivs thick- \ /i —— ncn plensr disvcrtion
ness ¢ PR J_s y_g-straln a% edga of acheslve«

W amam S s WETE Ry WDy fe@be  am.

) S ae
i

§

?\‘\l“"""‘"‘i/‘r/

Since the adhasive between the ,pecimeh halves is
usually only wuine or two mils thack, it can essily te seen
that a very small distortion of the bonding surface will
cause large differences in the unit strains vaiues
deveigp‘d in the sdhresive. For example, in the atove
gskatcnt

Assume: Oripginel film thickness = 002 in.
Non--Planar Distortion = .CO00X in.
Unit Strain at Cencer - 2%
then, strain at center = 00002 in.
straln at¢ edge :« HOOCOZ -+ "OOOD1 - 0000}
unit strain at edge = 3%

Since in the elastic range the stress will be
proportioﬂex o the ztrain, the stresses usveloped at

d P Y. 4
fh Dlane Arrm re wbon Al o rmmdd Ay s T w G .ht‘. e ST wl>
R © UWE LU Uiew VMaiwr v Yeerhl W ded e . sk AR ek |

the center.

AnGther, and perhaps unav
in the measursement of the s““engtn ¢ an 3onesiva subject
to pure tension 1s the development cf traansverse {or radiel)
strains vhich mist levelo) in the adhssive and edherends
when they have different Young®s Moduli., (Se2 Seesicn If).
It 12 not uncommon for & wmetallic adherend mzterial to
kave a modulns 100 times that of ihie adhesiwve. I tThsy

Qi
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both nsve about the ssme FPolseorn retin. the adhesive wild

Y to contra“s 1 00 times as much as the adherend whiihn

wiil result in the develcpment of variouﬂ streina resuiting
in a non=uniform atress distribution throughout the adkecive.,

1“'-'c'm the preceding discuszions »of pessitle cauz:s of
non~uniform stress 4istrivuticn in & standerd edhesiva
tensile speciman one might expe:f strains to occur somewhatl
as axeggerated in the sketsh below.

| '\ n

,L,__», —

Failure would surely oecur Just 2t the boundary of
the sdhegive where the Induced shear and tensile stresses
are a%t & maximum., The megsured test load when divided by
the btonded area would give valuae mmeh Jjower than the
inherent or true tensile strength of the sdhesive., It can
only be s3aid that the stendsrd specimen will give a 8a’s
value of tensile strength €0 uss in Jdesign computstions.

Becauce most bonded joints in structurai sppilcaiticn
are ususlly designed to withstand the anplied loads in
shear, the evaluation of the shear surzngth of achesives is
of prime 1mpor%anceo It is unforvuncte that, as in tensile
test;ng, it is very Aifficult, if not impcssible, to apply
a uniform pare ghear andkng .o an adhesive. Tre ASTM has
proposed seversl methods for evaluating the shear strengtin
of adhesives ty applyiang tensiie or coupressive lcads to
doublis lap jointed specimens or torsion to 20iid or tutuler
butt joints and haz adopied a singis l1ap specimen a3 3
ccmpromisu between rlgor and esse of teo btiqga The results
obtained from these tesls are not pure chesr atrengin values
23 tire mathems¢icel anelysis Sy Goland and Relsner {Cee
Section II)} irdlcates that the adhesive in lap Jointe is
net subiect to purs {or simpl2) sheav.

u;

a

1:3

— e e e

B il SRR Ve

!
i
i




e

PRI Bl il iy il

i

B b Sk AR s

¥ 4=
e Rt

:

{b} Ths analysis of the stresses in an adhesive 1otn¢ i
a prodism too acomplex for accuvrata solution ever in the
simplest cases.

”Here;oreg the aprlication of analytical =olutiors to the
depign of atructures with bonded Jo-nt- can only be soproxi-
me%ed o

The use of sdhesives as disieetrics in electrical
aggeablics 12 being given widespread attention. Purthar,
the use of dislestric abssroption as a method for the

arplication of heat in bonding processss 1s now of

conaiderehle teciinologiocal importancs particularly in the
2l vweond induatwrw. e o ‘nams‘ié *ha A-on’lnm-ne- nn.! atandgrd~

FETLR 4

igation of electrical test mvthods for adhesivﬁz has tecone

NAfempanmer nemd Sha AOIM areewmdbdaa TN M nee AaShamdwec = 4.

i M A s § mAeme weblw adir mes w e WWER W 6T wee Girdrew e VW -nﬂiﬁ

establiahad a sub-committee on Elec*rical Teat Methods for

this parpsss.

The Sub~committes on Electrical) Test Methods has
reviewed the methods recommenisi by the ASTM Committeo D=9
on Insulations and fecels that with minor adaption the
avsilabie techniocues and ecuipment will suffice.

A draft of & Tentative Test Method for the Eleciricel
Properties of Adhesives is now being circulated for accertence.
It i3 reproduced here for information mrposes onlys

Tentative Methods of Tasting Adnesives Used
for Elesctrical Insulstion

n
o]

O inie
° 193e methods cover tests for adnéesives,
(a) in 1ioutd sta which sre intended tc be cured by
dieleaciric heatin§
{b) in the 5o id L3 nte, vhich are intended for the purpose
of providing electrics]l insulation. The tests sopeay in the
followlng order:

o

Power Fscetor and Nielestric Constant of Ticuid Adhesives

Fowar Factor and Dielectric Constant of Solid of LHighly
Viscous Adhesivex

Dielsctrlie Strength of S0lid Adhssives
Insrlation Resistance of Solid of High;y Viscous Adhesives
Are Resistance of Solid Adhecives

115
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Te8% Spesimeng .
2. La) Test specimens for the determiaation c¢f power fsetor
and dislectric constant of solid or hizhiy viscous adhesiwves
hog

(1) Mefhods 5nvo’v1ng a “iw“lf capacitor cirentt chall
he prepared in atcordance with the Steadard Method of Tes? for

Tensile Propertiss of Adhesives (D8?7~*9).

{2} Methoda involving a capncitor with guard ring shall
be prepured as in 2(b).

{t) Test speeimens for use in éwtermining the insulation
rotistance of solid sdhesives shall counsist of two metal dises,
one 1/8" x 2% Aia, the other 1/8" x 15 dia, ard & metal ring
1/8" x 2" OD and i 74" ID, bonded tugether by the sample zdhesive
as shown in Pig. 1. The specimen shall be dorced by ths
application of pressure or heat if nec 283ary by means of
peralle. pilatens in & suitible press. 7Tne thivkness of giue
line shzll be not greater than 0O%06L 1.9r less than 1Y0C10.

e T ¥ 7 R _--_.-_.,4
! ) —
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(c) Test specimens for use in determining the arc
resistanca of solid adhesives shall c¢casist ux parels of
silicone resin donded glass eloth iaminate, W x L7 x 378"
cogtad on one side with one or more loyerss,

Gluize
3. Gluling and preparation of sreas which are to te cemen:ed.
shell hre dene in aetordanss with ths irogedurs as cuilline!

by the nrnufa turer of the adnesive.

.gzggﬁgnxﬂ

PCWER FACTOR AND DIELECTRIC CONSTANT @ LIOJTID ADEESIVES

4, The power factor and dielectric crastant ¢! licuid ad..esives
shal) b« daternined sond rencrted in aczordance with Stend:rd
Method cf Test for Power Factor and D’ eiestric Corctant o
Elochri<el Insulating Oils ¢f Petrolevn Origin (ASTM Desi,'nu-

T1 on IJ“J: i ="N‘~4 l ~

POWER “\CTOE AND DIEIECTRIC CoONSTAIr -« JOIID OR K1GHIY V.SCOUS
ADHE3IVH &

5o Tha power faecror ana dlelegtric & asoant ol 3¢lid or Ldgnly
viseous rdresives shull be determined and rerorcted in ~aecHrdance

Yieé



KAVORD Report 22722

withi Teatative Methods of Test for Poer Factor and Lielectric .
Conutant of Electricsl Inmilating Matrinls (LISC-u77., except

o

that test specimens shall be preparad in aceordence 7! ¢n ?la),

DIELECTRIC STRERGTH OF SNLID ADHRSIVES

6. The dielectric strength of solld :dhesives ghall be determirsdé
and reported in asccordance with Tents lve Metheds of Testing
Varnishes TUsed for Electrical Insulation (D115-k8T),

INSULATION RESISTANCE OF SOLID OR HIGILY VISCCUS ADHESIVES
?:. Tnhe insulation resistunce of sclil sdnesives shell be
determiied and reportea in secordance with Terntetive Methods
of Tegt for Tlectrical Resistarse of ‘nsulating Materials
(D257-L49T7) except that the teast speciiens shall be preparsd
in accordance with 2(b).

ARC RESTISTAWCE OF SCLID ADHESIVES

8, The are resistance of solid adhes'.ves shall be determined
and reported in accordance with Tentea :lve Method cof Test for
High Voltage, Low Current ACR Resistaise of Solid Flectricai
Insulating Materials {Di9%=-LE8T) excop: that the specimens shall
be prevared in sccordance with 2(¢)o

G, The report in addition to the ite1s called for in the -
reiaved methods, shall include *he fo.lowing:
(1) Complete identification of th: adhesive applied.
(2) Methed of applying the adhesive.

Model Tesiing

T™The d4ifficulty of analytical so utions and the cost
cof M1l seale vestivg in vny design probiem often lead to
tha 1uee nf models ge an aoznemics) veilcls by which confiraa-
tion of design czleulations may be masis and from which the
phvaical proprerties ¢’ the prototype iay be predicsted with
conidence. Since Goland and Heisner's conclusions for lap
Joints :an bHe extended *to indlcate that the stress distribution
in a bonded joinl vearies considerahly with the fhieckness to
rig:dity ratio of the adhesivs to the adherend, the use of
sca®e wrdals to evaluate structures hawving bonéed Soiats
mist e made with considziable judjine 1t if serious errors are

o Y mremd AN
Wed LIXT i wlraUieies o

Ipsneciton of Adhesiye Donds

T1¢ strength and reiiability of an adhecive bond is
very derendent upon the degree with wilch the adhesive £iils

17
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the foine zond 22 atvachked to ths surfsces prepared for it.

A full, well bonded Joint cictritutes the strecszes uniformly
over the adlacent edherernd mnterials. Any flaw in the -
2ssembly 1is likely to load to fracture at sub=nermal loadings
due to siress eoncentrations in the achesive =zt the edgas

of th2 flaw {See Griffith's theory of flaws = Sectirn II).

It is therefore desirable to inspest e hond for flgws after
assecsbiy in order that defective dbonds may be rejeetad and
:he-bcnding processss revised to eliminate future defeutive
PONAS o

Flaws in adhesive honds include the following: incomplete
f1liing of the joint, inelusiocn of aly, inclusion of solid
pertislies which may act as stress ralsers, poor wetting of
MarAad cmceen Sea Bn Lt PLPA Al it e . cn aWammndonam mim e L e
CLAMA LMt WA WY WY GO L AVATVANY VUL LLUYY VAR UL WA VUL
pressure, insufficient cure of the adhesive, cracks and
fissures due to impropsr decign or hest ecycle and resultant

rapid or excessive shrinkage.

The detestion of flaws by visua means thircughout the
bond is not possible except when tranvparent acdherends are
bonded. However, thé existence of a rood contiimous bead of
exnsas zdhecive at the edges of the bond gives scme assurance |
that sufficlient adhesivs was applied und that encuagh ypressurs
was developed within the Jjoint to extiude scme of the adhesiveo
However, observation of the edges of the bond give noc indlea-
tion of other conditions which may ex:3s¢ within the hond, as
a result attention has been direoted ‘oward the development
of cther means for tha detection of fliaws, x-ray%, uitrasonics
and eleatrical measurementg have te2en explored by various
investirators in attempts toc deteet fawso

YX-rays are capsble of detecting microscopie flawe
auch &s dubhles or solid Inclusion irn adhesives in structures
the adherends of which are of low stonle rumber. X-rays

Five no clue as to thes existence of mriercscopie flaws o7 of
poor adhesinn at the sadherend surfscac. In structurss, the
adherands of whizh are ¢f high atomic number, tre amount of
x-ray attemation due to the adhesive iz smsi1 compared to
rhat due ¢0 the adherends and voide 1:: the =2dhesive are
difficult or impossible to datect,

Ultrasonic teehnioues hove been studied as & meuans
for detestine fiawe in structures snd have heen tried on
adhusive jJoints. Onec technivue £mplo,s pulséeu .
ultresonlc waves which are transmittec from a transducer
pressed ageinst the structure. Echoes from the adhesive
bond interfaces from any flaws and from the opposite fsce, :

118
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wme brck to the 4ransdicer irn the origr in which the
rrangnitited wave impinges upon thae. “he amplitudes of
e reflected waves ar» dependent upcy the size and shape
the fliaws and upon the differenes in aecoustle lwpslerce:
tween the adhesive and the sdherandi. “he amplitude of
the reflected waves are ulasg dapendent upon the dumping
charssteristics of the materials thircagh which the waves
mist pass. A second technicue emplovs freocuency modulated
ultrasonic waves which are transmitted into the structure
from & transducer pressed oralnst one side. Here, the
gtructure resonates at various frecueacies depending upon
its dimensions when the frecuency 3weaps through those
freousncisz. Having become acouninted with the frecuencies
and smplitudes at which a flawless structure resonates it

‘e nncaibhie ¢n Tanly Pan adAdtédana? vrazpnand Pramiananiae in
- & w v e L N w b - TaNARE A, a5 YL O ¥ 3 S MALL RIS A Ty

J—‘-J'd»’). & S A R LA e T ¥ KA - a
production samples and to interpre: tiese additional
frecuencies and amplitudes in terns of the ocuality of the
strigture, Nelther of these techniouas have besrn found %o
be of particular value in connection <ith the detection of
flaws 4ir. adhesive bonds due to attz2ruaticn of ultrasonies
in most materiais and dus to the swall acoustie differences
which are intrsduced dby flawse

¥ 2
”N

~pr

1

¥
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Lonsiderable Interest has developed in elsgtricel
measurenents as & means for the detection of flaws in
Joints revolving malnly around capacitance mezsurements
in bonde between metallic adherends, It is thought that
small differences in the capascitanre >f a bond may bde
interpreted in terns of tne exlstence of voids and that
1o3s mezgurements can be interpret=d in terms of the degreec
of cure of the acdhesivs. The method does not appear to be
of value in connection with the detecticn of fiawe in
sedhegsive Jgyers between non-metallic adnerends.
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~ To cause two surfages 4o te haid togethar oy
adhssion,

¢ = A body which is neld to another body by ab
adhegive. {See alsy Substrate.)

» = The state in which two surfeces are held
together by interfacial forces which may
consist of vuzlence forces or interiocking
action, or both., {(See also Adhesivun,
Mbchaniwal and Adhesion. Specifis.}

rchanical. - Adhesion between surfaces in whiech

the adhesive holds ¢

locking acticn. {See elso Adhesion, Specific,

Adpesion, §Qg§é£;g, = Adhesion bhotween surfaces which are

Adhesive, n

1a togethar by valence forces of the same
tyre &8 thcse vhich g*‘e rise to cohesion.
(See also Adhasion, Hechanicsid.

s = A substance of holdlrg materials together
by surface attachments.

Hote

among others cement, giue, m1c11&£e eyl paste.

L 4

D
ne parts together by inter-
&

)

- Adhesive 12 the general tern and includes

Al) ¢f these ternd are locscly ussed lnterchange-
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anly. Varicus descriptive adjectives are apnlied
to the ternm adaevae t¢ indicate certain character-=

Ry e s

A s . A8

istics es follnvs:

Physizal form, that is, liguid adheslive, tape
adhesive.

Chemicgl type, that 13, silicate adhesive, resin
adnesive,

Materlele bonded, thut is, paper adhesjve,
metal-piastic adinesive. c¢an iapel adhesive,

Ly

Condivions of
adhesive-

“use, ha: is, hot-setting

* ASTM Desiznation: D9O7-L97T
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Adnesdy:. Asssmbly. - An sdheslve vhioh can be used for s
Donding parts together, w¢h a3 in the manulagture
of a beat, airrlane, fur niture, =2nd the lixe

Note: The term assembly adhiesive is commonly

used in the wood 1industry to distinguish such
adhesives €’ormariy cailed "joint glues”) from
those used in makxing plywuod (sometimes called
Tyenear gliues"), I¢ 43 upplied toc acheslves used
in fabriceting Tinished structures cor goodz, or
subassemblies therecf, ax differentiated from
adhesives used in the prodiuction of shcet materials
for sale as such, for exampla, plywood cr leminates.

Agheslva, Cold~89§11g§: ~ An gd;esive which sets at temperstures
DEL1OW €i°Ce LEO°F.)e (See also Adhesive, Hot~
Settingj Adhesive, Intermediate Temperature

Setting; and Adnesive, Room Temperature Settin

Adnosive, Hot-Seiting = An adhesive vhich reouires a tenpera-
ture at or above 100°C. 212°F.§ to set it.

: (See also Achesive, Cold--Setting; Adhesive,
Intermediate Temperature Setfing. 34 Adnesive,
Raom Temperature Setiing ) ’

p- 3

Adheslyg, lufermediate Temperature Se:dipe - An adhesive which
sets in tha temnerature range 31 to 29%°C. (87 to .
211°F.), (See also Achenive, Cold-Setting
Adh.sive, HotnSet*ing ai1d Adhesive, Room %eﬁpera~
tura Setting.)

Adhesive, Pregsyre~Ssnsitiye. = An adnesive made 0 gs to
adhere ta s surface szt room {emperature hy

briefly appiied pressure alone,

Adrcaive, ggngzgmggrgzuxg Setting - /n sdhesive which sets ;n
the temperaturc range of 20 te 30°C. (A8 to 86°F,,

in accordance with the limits for Standard Rocnm

Temperaturo specifled in the Tentative Methcds

of Conditioniﬁg Plasties and Fleetrieal Insulating

Materisls for Testing. {(48TK Deqignai*on D E&i8)e

{See also Adhesive, CoAc Setting; lLdnesive, Hot-
i - 3
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Sghesive. Sup tiop = A varn umed 1o desoribs an .
adhasive conaisiing of twr partgg e part being
awpiAru to one adherena grd the other part to
the other asdherend and the xwo rougnt togethey .
to ferm a Jjoint.

Adhesivse. Eﬁzm:ﬁg&;;ng - A term whionh is sometimes used as a
syronym for Intermedints Temparsture Setting
Adhesive. {See idhesive, Intermediate Temperature
SettingJ.

Aging Time -~ See Time, Joint Conditioning
Aggzgggivq_mggk - See Tack, Dry.

B3SEWPIE; Do - A TToup of walerlials of parts, including Adneslive,
wnich has been placed together for bonding of which
has deen bonded togethar.

Assenhlv, Adhesive - Ses Adhesive, Assembly.,
Assapbly Glue - See Adhesive, Asaemdly
Asszerbly Time = See Time, Assumbly .
Bap Moldiag - A method of rolding or bonding jvvolving the
applieation of riuid presuurt. noy VY by means
of air. steam, water, cr vsouuwm. -J a . .2Xibhle

cover which, scmetimzs in conjunction with %the
riglid dia, completely encioses the materisl te e
beonded.

Bipder. . = A componant of an adhecive comnosition which 1s
nrinarily responsible for the aqhesive foress
which hold twe bodies together. (See clso
“xtender and Filiazr).

Bilstap, ni. - An elsvation c¢f the scrface of an adherend,
somewhat resenbling in shupe a blister on tha
human sking I14s bouncuries may be indefinitely
outlined and it may have ‘urst and become
flattendd. .

Note: ~ A blister may tie caused by insufficient
adhesive; inadeouate <. ri-p tine, temperature

I pressure; or trapped slr, water, or solivent
vapeis

i2e
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Qlogkine s Ne = An undesired adhesion totween touching layers .
of a matsrisl, &ush as occurs under nederste
pr2ssure durilng storags ov use.

Eopd. n. - The attachment at an interfuce batwpen an adheslve
gnd an adherend. {See aliso Joint.)

Bond, v. ~ To attach materisls together by adhesives.

Catelyst, ns = A substance whieh markedly spe=ds un the cure
of an hdheOive when added in mincr suantity ss
compered to the amounts of the primary reagtantis.
{8se also Hardener and Inhibvitor.)

Cement, n. - See Adhesive

Cement, ve - See Fond, v., adhere, v,

Llosed psgembly Time - See Time, Assemdly

Cohezion, ne -~ The state ‘n which the particles of a single
substance are held together by primary or secondary
valence forces. A= usced in the adhesive fleld, the
state in whisch the percticles of the adhesive {or -
the aunerend) are held together,

4d Floy « See (reep

Cold Pressipg - A bonding operation in which an assembly isg

suhjssted to preszure without the aprlication of

heat.
Cold-Setiing Adhesive = Sees Adhesive, Cold-Setting

Colophaony, n. -~ See Rosin

ot

2h twWwe 07" moOre

Longepsation, n. = A chemical reactlon in whie
Bolscules combine with th2 scparaticn of weter
or some cother ginmple gubctange. If & polymer
is formed, the p"ocesa is celled polycondensatioa.

(See also Polymerization.)

i 88 2.8 S5t e Tiama - Saas Mima Toadodn Mo wddAd ccond sm
[l e AT i2 118 A s HIEY ¥ LiTres _l__l_l!'l:!; @)UY R BaS, Nt 8 '_._i_\_ll__l_llq:
Corodymer ~ Ses Polymer
Corolyperizatlon - See Polymerization
X23
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Cragipg, n- - Fine cracke which may extend in a netwerk on or .
under the surfs¢e of or througn a layer of adhesive.

y > @ The dimensional change with time of s materlial undar
lced, Tollowing the initial ipnstantanecus slastie
or rapid deformation. Creep et room temnersture
is sometines cailed Coldé Flow.

]
E
o]

(% 0 L &% ~ See Lamingtad, Croes

Lira, ¥« - To change the physical properties of an adhesive by
‘ chenical reaction, which may dbe ccndensation,
polymerigation, or vuleanization; usually
accomplished by tho action of hest and catalyss,
aione or in combination, with or without pressure.

~ .. »

SUring Tepperaiurs - See Temperaturs, Curing

Quripe Ting - See Time, Curing

Delamination, n. - The ssperation of layers in s laminata
because of fallure of the sdhesive, either in
the adhesive itself or at the interface beiween

the adhesive end the adherend, or bernause of .
conesive failure of the adnerend.

Double _Spread - Sse Soresd

Dry. v. = To change the physical state of an adhesive cn &an
adherend by the loss of colvent eonstituents by
evaporation or abdsorption, or beth {See slsc Cure
and Sat).

Dry Suryepgth = See Strength, Dry

!H'! T”gx « See Tac.k, Df?’

Drvine Temraraturg - See Temperasture, Drying

Devipe Xipe ~ Sz2 Time, Drying

Blagiomer, no ~ A materiz? wnich at room temperature can be
stretaned fepeatedly o ad least twics its
original leng and, upon immediete reiease of the

stresgz, will return with foree to its aprrovimste
original length. )

124
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Eatendor, ne ~ A substance, generally n1aving zcme adhesive
action, added to an adhesive to reduce the amount
of' the primery birnder regaired per unit ares-
{Sse a3lso Binder and Filier).

Filller, o -~ A relatively non-sdhesive substancs sdded to an
adhesive to improve its working pioperties,
permansnce, strength, or ~ther cualitiess., (Se=s
aiss BindsT and Extendor).

Gel, . = A semisolid syster conzistinz of a nevwork of solid
aggregates in which licuid is neldo

Gelation, n. - Formation of a gel.

Glus, no = Originally, 3 hard gelatiln obtained from hides,
tendons. cartilsge; bones, ete, of animels.
Also; an adhesive prepared from this substance
by heating with weter. Throcugh general use the
term 1s now synonymous with the term "ajhesive'.
(See mlso Adnesive, Macilage, Paste, and Sizing).

Glug; ve = See Bond, v

Gum, n. ~ Any of a class of ocllcidali substances, exuded by
or prepared from pianty, sticky when moist,
compoaed of complex carbohydrates and organic
acids, which are soluble or well in water.
(Ses algo idhosive, Glue, Resim)

Note: - The term gum 15 3omeiimss used loosely
tc dencte varicus materials that exribit gumny
sharactsristics under zertaln conditions, for
example, gum dbelata, gm Tenzoln and gum
asphaitume. OGums are included by scoms in the
category of naturul resirse

Hprdepear. ne. = A substancs or mixture of substances addsd to
an z28h854ive L6 prounote or contros the curing
recction by teking part in it. The term is also
used to desipnate a suvstance added to control

AarGiiess of the cured iim. <oee
A
Jc
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£
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also Catazly

not-Setiipe Adoezive ~ See Adhesive, Hot=Selting.
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ADRAbiter: N - A subdsianse whieh siowa down chemical resotion..
Inhibivors are sometimes used in certsin types of
adheslves to prolsuz ztorsge or working life.

intermed, mngrg?yz, Satiiog Adiesiye - Ses Adhesive,
ntermediste Temperature Setting.

£9ipk, no. = The location st which two sal2rende are held
together with o laver of adhassive (Sse alss
Bondg Z‘lo)

Soint Aging Time ~ See Tims, Joint Conditfoning.

dolint Conditiondpr Timg - See Time, Joint Conditloning.

JOALL; LAR - A joint made by placing one adherend nurtlv over

anothar &and onding together the overiappsd portions.

T = -
(333 also vua.uu, S&arle)

soint. Sgarf - A joint made by cutting away similar angular
segnents of two adherends and bondin% the ac¢herends
with the cut areas fitted together. (See also Joint,

Lap)
g9iat, Sialvad - & joint which nas an insuffiecient amount or

adhesive to produce a 3stisfactory dbond.

Note: This condition may resull from too thin &
spraad to £ill the gap tetwean the adherends,
excesaive penstration 5§ the adhesive into the
adherend, too :hort an agssembly time, or the

u8e of sxcessive pressurs,

Iamigate. no = A produet made by bording togetier two oi more
avers of material or materisls. (See 2iso
Laminated9 Cross and Laminated, Parallel.)

Lomingte. = To unite lavars of material with achesive.

Lavinations n. » The process of preparing e Ilsminate. Also,
any layer in o Zamins¢e,

LaTigaieii, Sinss. - A laminate in waich some of the layers of
materizl are oriented at right angles to the

remaining layers with recpeect to ths grain o

strongest direction in tension. (See also Leminated,

rara.l.Le.l.J °
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Neota: Ralenced construction of the lgmingilons
zbout the center lins of the thiskieas of the
Jaminate is normally assumed. .

saninates., fai « A Jaminate in which all the layers of
materlal are orisnted sprroximately paxa‘lal

with respect to the grain or strongest direction
in tenq:_log\_. {See rnlco Ia w(vmtpd (‘ﬁnqn.'!

I1sp deipt - See Joint, lap.

Mechapiecei & g - Ses Adhaaicn, Mechanicul, and Adhesion
Specific,

at-ﬂvn?v g4mnla

Monomer. n. = A relativa nla con
form a polymer. {See alse ”olyaer.,

Micilage. n. = An adhesive prepared frem a gum and water. A4lso
in & more general senseé, a liculd adhesive which
has a low order of bcnﬂing &rengtho (See algso
Adhenive, Glue, Paste, und 3lzing.)

Novelak, e « A phenolic«aldehvdic resin wh;uh, uniess & .
source of methylene groups L. &u:lr}i; remains
permanently thermoplastic, iSee alsc Resinold

and Thermoplastic..

LN e -n‘

Apggalieimlﬁﬁﬁiﬁﬁgﬁ =ibee damnatedy Eazadieds

Pagter. no - An adresive compesition hafing a cha rasterists

= ar £ - "
plastie- T,:"'pe Cuuoi-uon\.f? thnat 15, & u‘ﬁu GIQAd

¥
nf vield .u*“az such as that of a pssie prapsred
by heating 3 unixture of starch and water and
subsequantly coolihg the hvdrolyzed produst,
(Zee also Adhesive, Glue, Mucilage, and Sizing.)

g

» Ql’-h

Dolveopdensation ~ Ser Condensation
Polvesrs, no - A compeound forme

molecnles havine

thelr combination to PrOCcS ged 1o nign molecular

welghts wnder qvita le cond.uiowsc rolymars mey
1

by thie reacticr of simple
ne

crionnid avcaine v 1k nesnte

a
1A}

ve formed by polymerizetion {z2dditilcn poivuer} g
or palveondenzation !ﬂhnﬂa*ra'inn pclymer).
Wren two or more monomers are involved, the
produet is cailed & copolymer.
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Zojvmel lzafion, n. ~ 4 chemleal recctlon in wiich *he molecule
“of a monomer ave linked together to form large
molecviss whose melscular welght 12 a wulblplv
of that of ¢ha oripinel substancs. When twe oT
mora monomers or& involved, the Lreeess is ce.lad
copolymerizzsilion or heteropolymerization. ({Seas

also Condensation.)

Pt Life ~ Cee Vorking 149,

Sesin. ne - Any of & 2lass of solid or semi-solid organic
b“oductg of natural or synthetic m--‘mm.

generallv of high molemlar walicht with na
definite melting point. {See also Cum.)

Hete: Resinz are generally water-insoluhle

and have 1little or no tendsnsy to crystallire,
However, csrtain resins; such a some polyvinyl
aicohols and polyscrylates, are readi;y
dispersidle 4a water, and others. such o8
polyamiﬁes and polyvinylidensz chioride, sre
resdilv arvataliized.

Fesinoil. n. = Any of the class of thermosetting synthetic
resing,. either in their initi-" temrorarily
fusible state or in their final infusible stste.

- -~
ATl " ] hY
Sev 3lsy Fovolsk and Thernosatting.)

tting Adheaive - Cesn Adnesivye, Hoom

Temper atard Settinga

o
<
[
(X
~
D
=y
Xxe
o
b
?

Besin, . - A resin obtalned mry a residuse In the discililstion

of crude tuspentine fror he sap of the pin tree
{gum rosin) or from a: cxiract of the stump: »nd
othey parts of the ftree (wood “05¢;}o

Scarfl 'ojpnt - See Joint, Scsrf

Seif :Toring, a4j- -~ See Seif-Vulealzing

self-J wanlzing, al,o - Pei*ulniug L0 &n sdhesive which
undergces valcanization without the senplicanion
of heat.

" T PP . - o PP Sl S -

i A —— L g AR *

¥g - See /dhasive, Pressurs-Sensitive.
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Strafasianciicetion hdheaivg « des Adhesiva, Separnta

NP 3 2
2&5: s o To

Application.

converi an adnesive inic & fixed or hardened
state by chemical or phyeiesl action, such =
condensation, polymerization, oxidstion,
veleanization, gelotion, hydration, or
evaporation of volatila constirvents., {(See
glso Cure and Dry,)

“n
-

Sefting “emperptuve - See Temperature, Setting

Setting 'lme ~ See Time, Satting
Shelf L.I'e - See Storage Life

Singde . nreag - See Spread

Size, n. ~ See Sizing

S42ing, 1. -

The prosess of arplying & material on a surface
ir order to £111 pores ard thus radace the
abscreptlion of the subseauenily appiied adhesive
or cvating or to otherwise modify the surfacs
properties of the substrete to improve the
adhssiciic AlSG, the material used Jor inis

purposa. The latter is sometimes called Size.

spegifl:. Adbesloi - See Adhesion, Specifie and Adhesion,

Coreed, n:

BSiolses Jdfse

Mechaniecsal,

The ocuantity of adhesive per nni+ Joint arean

aprlied to an edherend. 1t iz preferably

axprasaed in pounds of liculd or selid adhesiva

per thousand sguare feot of joint area.

1. Oingle Spread refers to srplication of
adhasive to anly one ednerend of a Jeint,

2. Double Spread refers <o sppiication of
adhestive to both scherenda of a joint.

« The period of time durini which a packagasd
adnesive can be 3tored wiier speclified temperature
corditions and remain suitable for use. Somoatimes
cslled Shelf Life. (See aisc wWorking life,)

starsed Jodint - See Joint, 3tarveds

123
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3 %
strengy). £ry ~ The strengih of ap zaresive jolint datarmined - B
immediately after <rying under specifieﬁ )

aonGitions cr aftzr a perfcd ef econditicuing '

in the standar? labnralory atiosphere. {Sea '

also Strenpgth, Wet.)

§. T w
SRR ate oy

Stroanpty. Weg - The strength of an adresive joint determined
{mmediately after remaval Trom a liculd in whigh

LAk AN

it hae heen inmersed vnder spesified condiiionu L

of time, temporature snd pressure.

Notge: The torm is commondly used alone to i

designate strangth sftur immareion in water, 5

In the laterx adhesives tre term i1s also used tu 3

deseribe the joint strength when the udherends 2

&rs brought together with the adhesive stiil in 2

the wet stateo b

£

Subsiracs, Ne = A material upon the suvrisce of which an achesive- i

containing substance is spresd for any purposs,

such 2¢ Yonding or coatirg. A brosder term ‘han 5

adherend. (Sez also Adherernd), 5
dlagk, . - Stickiness of an Adhesiveo 3

NQés’ Thisg yroPerty is reasured as the mll '

Tesistance to effeet Aivisicn without tallure . *

or deformation cecurrinag in thie adherend 2

surroundings or at the irterfacs while the =

hesive 3t1]1)l exhibits iscous or plastic

Tlow, The measured value mey vary with tine

tenperature, film thickncas, =ta. -
TasK, D'y = The property of certain arheszives, particui*r" :

non-vuleaniziag ruvber schesives,; to sadhere an

contuci to themselvsz 1% 2 stage in the evenoration »

of volatiias zonstituenis. even though they sqaen
ary wo tne toiache Jomztimes called Azgresclioe

Tagko

Tagg Boares - The period of time in which an sdnesdive will
zemein In the tacky-dry condition after aprllcation
0 an adhereni. under specifled conditions of
temparsture &9 nlrid Ly

Taer=Dre. adjo - Tertesining to the s~ordition o an adnesive whe.s
the volatile zonstituent: heve evaporsited or beern
ahsorberd sufficientliy co losve 1t In o desirnd
tacky state.,
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emperziura i which ati sdnesivs o .
ianted <o oure the adhesive.

=
ers*turs, Mying and Teaperature,

Hote: The tempersture attaines by the sdhasive 2
the procazs of curihg it {zdhezive curing tempera
ture) msy differ from ths temperzture of the
atmosphere surrcunding the asrembly (assenm
saring temparatur®).

8 23
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2 w
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femnerature=Dryigs ~ The temperature to which an adhesive on
an adherend or 15 afni assembly or the assemdly
itself is subjected tc dry the adhesive. (See
aiso Tamperature, Quring snd Temperaturs, Setting.)

Ngtas The temperature attainsd by the adhesive
in the process of drying it {adhesive drvirng
temperature) may differ Jrom the temperaturs

of the gémosphers eurrcundin@ the assembly
(assexbly drying temperature).

<emnerssure. Settipg -~ The temperature to which an adhesive or
an assembly 18 subvjected 16 set ihieé adhesive. .
(See also Temperaiuie, Cuiinig and Temraraturs,
Dryinge.)

;g;gs The temperature atisinaed by the adhesiwve
in the process of zziting it {adhesivs gettin
temperature) may differ from the tempsraturs

of the atmosphere surrounding ¢the =ss3smbly
{assembly setiing tempera*uwa’,

Thermoplastia. adj. - Cazpable aof teing repeated scftened by
heat and herdened by coolinge.

Thermoplastie, ne = A material whieh will rerpeatedly soften
when heated and harden when coclied.

Thermeset, ad3. ~ Pertaining to the stzte of e wesin in which

it 1s relatively infusibie.

inermosei, Ne = A material which will undergc or has unceigune
8 chemical resstion by the acticon of heat,
catalysts, ultravislet light, etc., leading
t> a relatively infusible state.
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a2i. = Huving the property of uandaregcing a
henleal reaction by tha action of hest, catal
ultreviolst 14ght, ete., leaeding to a relative?
infusible state.

igs, Aasen « The time intervai between the zpreading of

the adhesive on the adherend and the appliestion
of rraesure or hact, or both, to ths ssssmblys
Note: For asaemblieg invoiving miitiple layers
or parts, the assembly time begins with the _
spreading of the adhesive on the first azdherend.

1. Open Assembly Time is tuw time intervsl between
th2 spreadsne of the ndhesive on thr adhersnd
and the comprziion " sneambly & the parts
for bonding.

20 vlvaau Assen t}.lv Tinme is the tﬁme ‘n"“"‘""
between gﬂmpletion of sssemdbly of the parts
for bonding and the application of pressiure
or heat, or woth, to the assambly.

uring = Thse period of time during which an sasemhly 4 -

subjected to heal or pressure, or bath, to curs

the adhesive. {Sse 2130 Tise, Drying, Tlme;

Joint Conditioning; end Time, Setting.)

3 2e: TMurther curs mey toke plase after removal
the assembly from the conditions of reat or

pressn*e, or bothj; see Tine, Joint Conditioning.

Time, Pryipg ~ The pericd of time during which en adnesive con

an adherend or sn assemdbly 1o allowed to dry with
or without the application of hest or pressure,
Qr botho {See also Time ngy 1ime, Joint

-
% I

A
“'“'ldi vu..ﬂg’ and Tim YL Sa2t%l

Time, Joint Conditicnipng = The time interval between tha

removal of the Joint from the conditicns of hoat
or pressure, or both, used to accomplish bonding
and the attainment n% approximateiy maximuwm bdbord
strength. GSometimes called Joing Aging Timeo

Tiig, Setiing - The perioud of time during which en asgembly 1is

sublectod to heat or pressurs, or both, to szet
the adhesive. (See also Time, “uring; Time, Joint
Conditioning; and, Time, Drying.)
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Viazsndgsgion. ne = A chenical reaction in which the uh;aic&? .
properties of a rubber are changsd in the direction
of éecreaseu plastic flaws Tess surface tackinessy,
and inicreased tensiie strength by reseting It with -

sulfur or orher anitabls arents. (See aiso Self-

£

o

?uAcani?lngg i
Yulcsnizey vo = To sudject to mleanizetion.
Warm-Setiine Adhesive - See Adhesive, Warm-Setting

Wet Siprength ~ See Strength, Wat,

XYool Fallura ~ The rupturing of wood fibers in strength tests
oit bonded specimensz, usually expressed as the
percentaqa of the toial area involved which shows
such failure.

Wond _Vepcer ~ A thin sheet of wcod, generally within the
thickness range of 0.0} to 0.25 an., to be used »
in s laminate-

Horzinz Life - The period of time during which an adhesive,
after mixing with catalysi. solvent, or othex .
compounding ingredients, renains suitable for
use. (See glso Storage Life,)
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