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SUMMAR Y 

The development of adhes iv es for b ond in g me t a l, wood , 
rubber, and p lastic ~Rrts on aircraft has b e en largely empir ­
ica l. A better understanding of the physical and c hemi cal 
forces involved in adhesion is needed for furth e r r at ion a l 
imnroveme nt of bondin g materials for use in aircraft construc­
tion. 

A researdh project has be en undertaken a t the Nat ional 
Bureau of Standards ' under the sp onsor sh i p o f the Nat ional 
Adviso r y Co mmittee for Aeronautics to obt a in i nfo r mat ion on 
the strengt~s of b onds bet wee n diffe~ent c h emical ' t ype s o f 
adhesives and adherends . Th e present repor t, which covers a 
survey o f the p r esent kno~l e d g e on the nature of adhe sion, 
has b een prep~r0d as the initial step i n th i s investi~ation . 

The 
outline: 

scope of the survey is i nd icated b y the following 
( .," 

I. Theoretical aspects of adhesion . 
A. Inter molecular and i n tera tom ic forces . ' The four types 

of bonds i n volv ed i n th e att r a c tive forces holding'm~t ­
ter toget h er are re ~fe wed. 

1. Electrostatic or polar bonds . 
2. Cov a lent bonds . 

a . True c ovale nt bo n d s. 
b. Coordi nate c ovalent bon ds. 

3. Metallic bonds. 
4. Van der Waals forces. 

B. The nature of c ohesion . The e ffects of the 'intermolec­
ular and in te ra tom ic forces ~s measured by the physica l 
behavior of substances held togethe r by each type are' 
discussed. 
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1. Crystalline matter . · : 
a . Covalent cr ysta ls. 
b. Ionic crystals. 
c. Coordinate covalent crystals. 
d. Cr~rstalB containing hydrogen bond.s. 
e . Metallic crystals. 
f . Van dar Waals forces in crystals. 

2 . Noncrystalline ~atte r. 
a . !I1Gtals . 
b . Glass . 
c.l'food. 
d . Natural and syntheti c high polymers . 
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C . The nature of adhesion. The c hemical an d ~hysical 
forces through w~ich the various types of adhesives 
are a ttached to solid sur~aces a 'e su r veyed. 

l . . rheories concerning adhesion . 
. ·a . McBain . 

b. Forest Prodlcts Laboratory. 
2 . Chemical properties of surfaces. 
3 . Mec~anism of adsorption. 

a . Adsor~tion phenomena, general. 
b . Adsorption uhenomena at g lue lines . 4: Fundame~tal a~proaches to the determination of the 
nature of adhesion. 

a. The Bartell cell . 
b . Heat o~ wetting. 
c . Eeat of formation . 

II. Properties of adhesively bonded structures . 
A. Physical stren ~ th of ~onds. 

L . Mechanical behavior phenomena. 
2 . Effect of thickness of ~lue line on strength. 

a . Experi men tal evidence . 
b . Probabilit~ of flaws. 
c . Surface smoothness . 

. d. Effect of curin g conditions. 
3. Problem of tLermal expansion differences. 

B. Test methods for bond strenfths. 
1. rensile strength . 
2. Shear . 

III . Bibliography. 
A. Literature references in text of r~port. 
S. References to other pertinent ltterature . 

1 . Technical publications . 
2 . Patents. 
3 . Aircraft manufacturers l reports. 
4. Adhesive manufact 1.l rers l reports. 
5 . U . S . Government reports. 
6 . British Government reports. 
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I. THEORETICAL ASPECTS OF ADHESION 

A. INTERMOLECULAR AND INTERATO~IC FORCES (REFERENCES 1 AHD 2) 

All matter is composed of discrete particles or atoms 
which are held together by electrical forces o f attraction . 
The s e for c e s . o'p era t e '0 e t wee nth e p 0 sit i vel y c h a r g e d at bill i c 
nuclei and the negatively char ged orbital electrons. By 
studying the physical and chemical properties of co m~ounds 
of atoms it has been possible to recognize certain types of 
these attractions as differing fro m others. These differ­
ences, however , are not distinct and only in extreme cases 
is a bond a manifestation of a pure type. It is mu ch clo se r 
to the truth to think of these bonds as having well defi ned 
properties, but to bear in mind that the transition from one 
type to another is not sharp but may be very grad~al . When 
a bond is formed it does not mean that all the forces be­
tween the electrons and nuclei of the two participating atoms 
have been neutralized, but rather that a force concentration 
has been set up in a certain direction. Residual ene r gy is 

In explaining chemical and physical phenomena it 
convenie nt to rec ogniz e four general types of bonds: 

Electrostatic 

Cova lent 

Metallic 

is 

~esidual bonding attraction forces, 
Van . der Waals forces 

commonly kn~wn ~~ 

1. Electrostatic or Polar 30nds 

Kosse l (reference 3) in 1916 showed that an element 
immedia tely preceding a rare gas in the P eriodic Table is 
strongly electronegative; wher~as one i mmediately following 
it is strongly electropositive. The rare gases , on the othe r 
hand, a re remark.ably inert. He concluded that this behavior 
was due to a teridency on the part of the reactive elementi 
to c hange the ir c onf i gurat io ns in orde r to conform wit'r,' those 
o f the rare gases . Th us, an ato m of ~otass ium c omb ines with 
one of c h lorine ~y means of an electrpn transfer which re-" 
suIts i n the c on.f i .guration of arg.on f ·oir- ·each. 

J 
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f?u~ ¢/~O 6 I 18+1 i\ 
~ ~ b 0- __ --0 ./ 

',--. o··~·/ 

Po t as sium Chlori ne - Argon 

By means of this mutual claim on the sha r ed ele c tron 
the two ions will remain closely associated with one another 
as potassium chlQride . This association can be interfered 
. i th , however , as by solution in water , in which case the 
potassilm chloride Mill dissociate into chlorine as a nega ­
tive ion and pot~ssium as a positive ion. If the 1ater is 
removed by e vaporation , these ions will aline themselves to 
form a crystal lattice. In suc~ a solid the s ttractive for­
ces between the oppositely charged ions except those on th e 
surface will be satisfied . However , in an amorphous solid 
some of the attractive forces w~ll not be satisfied because 
of randomness of distribution ~f the ions . 

2 . Covalent Bonds 

Compounds which are formed of atoms removed by three 
places from the rareases in the periodic table show a 
greatly lowered tendency to ionize. Thus , ammonia and phos ­
phine are only very slightly ionized . In many molecules it 
is difficult or impossible to determine which atom is posi ­
tive and which negative - for example , sulfur dioxide and 
carbon dioxide and , still more strikingly , the diatomic 
gases such as hydrogen and chlorine. These subst an ces do 
not ionize in solution . 

I n 1 916 , G. N . Lew'is (reference 4) proposed that in 
substances of this t~pe it is ~ossible for two atoms to 
share electrons in suc h a way as to account for the stab i l ­
i ty of each i n attaining the rare gas configuration . 
Langmu i r su gge sted th a t this t~ne of linkage b e termed 
" covalent . 1I 

a. True covalent bonds . - I n a diatomic molecule su c h as 
chlorine gas, each a tom r equ ires an elect r on to complete its 

.. 
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outer shell. In each atom the positive attraction of the 
nucleus is equally great on each of the two negative charges 
of the shared pair . This may be represented as follows: 

~ x x x 
: a l' + x C l ~, -~- : aL· Cl ~ 

x ': x )~ 

Such bonding is the most co mmo n form in organic mole cules ' 
and accounts for th~ir . complexities and magnitudes . Thus~ ' 
carbon has an outer shell of four electrons which it will 
share with as many atoms as will contribute toward a stable 
structure of eight. 

1 . Monavalent ~oms: Carb on may share an electron with 
each of four hydrogen ato~s to give the stable 
gas methane . 

c 

~_~valent atoms: 
each of t vO 

• a . 

H 
)( 

4E .---~ 

Carbon may share two electrons with 
oxy ~ en atoms to g ive carbon dioxide. 

)(X • 

2 ~ 0 ; .----':>-

x X )( X 

O;-;C~~O 
;:;( x X 

3. Trivalent atoms : Carbon may sLare three electrons 
with one nitrogen atom in a covalent bond , such 
as in hydrogen cyanide . 

' {X 

C X N x ---0.- H~ C ~ : ~N : 

Carbon also has the ability to form covalent bonds with it­
self an almost infinite numbe r of times. It is well estab­
l i shed that the structure of cryst alline c arbon (diamond) is 
formed by single covalent bonds which accounts for its very 
great stability. 

b . Coordinate covalent bonds.- Compounds exist the prop­
erties of which do not fit into any of the previously dis­
cussed c ategories . In 1892 Werner (reference 5) advanced a 
theory to account for them. These substances, formerly 
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shelved unc.er the name If mo lecular compounds,1f appear to re­
sult , from the union of two or ~ore saturated mole cules . 
They ~~e also auparently independent of the groups in the 
periodic table to which the atoms involve~ belong . 

Because of its posit i on in the period~c taele sulfur 
can form only the two nor~al covalent bonds because this 
brings aeout the completion of its full complement of eight 
electrons . Of these eight, two are shared with other atoms, 
a s ~ n dim e thy 1 suI f ide . ':L' r. i s c om p 0 u n d can, 11 0 ·r eve r, b e 0 x i -
dized as f6llows: ' 

o 

H3 0 ~ '5 ~ C :1~ -.-.--~ 
xx .:> 

,x 
H ' 7 C X S ~ C Hn 

.::> '-x .::> 

o 

The two oxygen atoms have received two electrons each from 
the sulfur ; thus their o~ter valence shells are complete , 
whereas t.l:.e sulfur al r: eady had a sah.rated shell. 

This same mechanism is used to explain anotLe r phenom­
enon occurring in organi c molecules: namely, the chelate 
compou nds . The peculiar properties of tie hydrate of the 
sodium derivative of benzoyl ~cetone indicate that this sub -, . 
stance may be represented ey the following for~ula in which 
the a rrow i ndicates that two electrons are contributed by 
each such oxygen atom . 

, " 

C(H5 -0-0 ., I 

. .Ii ,.. OH2 
HO , Na '< 

\ t" " OH2 
C :::-'. 0 

H~ 0 / 
'-' 

If this water were present as water of crystallization, the 
comj)ound should have the same chemical properties as the aI,l ­
hydrDu$ salt . ' The hydrate , however , dissolves in toluene ; 
whereas tha anhydrous salt is insoluble. 

A similar example is given by the behavior of ortho­
subst i tuted phenols such as salicylaldeh~de which form chela­
tion co mpo~nds readilYr 
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Further ev ide nce indipates that the phenolic hydrogen 
in salicylaldehyde is itself linked to the oxygen of the 
aldehyde group in this same manner: 

7 

This leads to a very important case of this type of bonding: 
namely, the formation of hydrogen bridges bet~een molecules. 
Many substances c ontain in g hydroxyl groups exhibit tpis phe­
nomenon and even water has been sho wn to have a trim~ric 

structure in ice . 

H H ~ 
I " I 

H- o----?- H - 0 ~H-O 

The fact that most molecularly associated substances contain 
hydroxyl or related groups leads to the concl us ion that this 
tyne of bond may playa very important role in cohesive or 
adhesive phenomena. 

3. Metallic Bonds 

The metals which c ompr ise the greatest number of ele­
ments in the per i odi c table owe their ur! iClue p ropert ies. to 
a bond type whi ch was not r ecogni zed until recently . L~rentz 
(reference 6) first advanced the t~eory that a pure metal 
c onsists of a cryst all i ne arrangement of metallic cations 
with free electrons moving in the interstices . In 1927 , 
Pauli (reference 7) postulated that these electrphs extst in 
a continuous set of energy levels. At absolute z~ro they 
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occupy the most stable levels in pairs with oppositely op ­
posed spins so that they would be unavailable for orientation 
in an applied magnetic field. As the tem~erature rises, 
however , these stable pairs would be broken down as one elec ­
tron rises to a higher energy level with the result that the 
paramagnetic susceptibilit~ of the mass would be raised un ­
til finally a point is reached at which paramagnetic suscep ­
tibility is independent of temperature. 

If a simple metal such as the lithium crystal is con­
sidered, an arrangement of eight atoms is found at the cor­
ners of a cube. The distances of these atoms f r om one 
another satisfy the crystallographers' requirement. for a 
sing le electronic bond. Other characteristics indicate the 
existence of doible electron bonds as ell . The stability 
of the structur e ma~ be explained on the basis of t h e theory 
of resonance which has baen applied to many t~pes of struc ­
tures in organic chemistry. It is the same concept which 
explains the familiar Kekule structure of the benzene mole­
cule in which the double bonds are visualized 

as alternating between the configurations (a) and (c) wit h 
(b) as an interm ediate. 

Thus, any two ato ms in a lithium cr y stal may be linked 
by two electrons or bY , one electron at a given i nstant. The 
single ele c tron. bonds a re also u s ed to account for the hali­
des of b oron havin g structures wh ich could be explained in 
no other way . I n effect the resonance between sin g le and 
double elect r on b or- ds is a very specialized case of covalent 
bond s . 

4. Van der Waals Forces 

Up to this point the more p o ~ent forces of attraction 
between atomic nuclei and orbit a l electrons have b e en dis ­
cu ssed . All these interactions may be thought of i n terms 
of u n its of energy. These units, hotvever , participate in 
maximum and not total exchang es. Wh en a bond is formed , the 
positive and negative char ges of the participating molec~les 

,,' 
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are not completely neutralized . There remain in many mole ­
cules resi dual energies whiQh are v~ry ~early of stable 
bond-forming magnitudes. These forces affect the melting 
and boiling points of many substances. 

Matter co mposed of both electrons and protons always 
exerts att raction. A liquid .will wet a solid surface to a 
degree dependent upon th~ magnitudes of the at·t ractive or 
ad he s i v e for c e s bet '" e e nth e t .'-0 sub s tan c e s a. n d the c 0 h e s i v e 
forces within each. In the case of a drop of me rc ury on a 
glass surface, the c ohesive forces within these two materi­
als is much greater than the adhesion between them; conse­
quently the mercury droplet al mo st forms a sph e re, but there 
is sufficient attra c t ion to distort this shape. 

Many substances which will react at higher temp eratures 
are attracted by Van der Waals forces at lower ones . It 
will be seen later that these attractive forces initiate re­
actions by virtue of the fact that their magnitudes are po­
tent over g reater distances than those of an electrostatic 
nature which are responsible for bond formation. 

It was in reco gn ition of theie facts that Van der Waals 
presented his corrected version of the equation of state for 
gases and m~ans for calculating the magnitudes of these re­
sidual attractive forces for all substances. It has ~een 
found that they are greater for the molecules of co mp ounds 
than for molecules of elements or inert atoms, thus showing 
that unequal distributi on ~ccounts for a greater residual " 
force field and c onsequent ly the more asymmetric the mol~cule 
the g rea t e r the s e val u e S' . '" i 11 be . T his i sam at t e r 0 f g rea t . 
importance in explairiirt i adhesive and cohesive properties. 

B . THE NATURE OF COHESION 

The mechanism whereby molecules or atoms in homogeneous 
matter are he ld together is known as cohesion. The physical 
state as we ll as the mechanica}. properties of the material 
depend upon the t,rpe and :nagnltude of i ts coh esive bonds . 
The operational effects of such bonds have been investiga ted 
by Lennard-Jones and coworkers (reference 8) by co nside ring 
the case of an external particle approaching a cr ysta lline 
surface. In such instanc e s one of several phenomena may oc ­
cur. 

Chemical attraction.- If the particle is an ion, a di­
rect electrostatic force will be set up between the charges 
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on the approa ching ion and the ions · on the surface of the 
c r ystal. 

Polarization. 

(a) Whether the' particle is charg~d or not . an induced 
dipole will be set up in the atom or ion by the 
ele c tric' field of the crystal . 

(b) If the particle is charged . it will polarize the 
ions in the crystal. 

Attract i on through Van der Waals forces .- Inas~uch as 
attraction exists even between two so -called neutral atoms 
(atoms of a rare gas) I 'it i s assumed that a similar attrac­
tion will be exerted between the crystal ions and the ' 
ch~rged or uncharged parti c le, quite apart from the effe c t .. 
of their va l ency charges . . . . . 

On the b~sis of this analysis. these investigators cal ­
culated these . effects between neon and a charged particle . 
respectively . n~ar the 100 plane (planes paraJlel to th~ 
face) of a sodium fluoride crystal; and between argon and a 
charged particle , re~pectively , near a potassium chloride 
c ry s tal . The sec a 1 c'u 1 at ion s s h 0' edt hat the e 1 e c t r 0 s tat i c 
attra c t i ons falloff very rapidly as the distance from the 
surface increas e s , but are very powerful with i n a short op­
t i mum r ange . The Van der Waals attractions . on the other 
hand . have a much wider range , but are never as pow~rful as 
the electrostati c att r action. The polarization forces neve r 
become ve r y gr eat . These relationships are illustrated in 
fi gure 1. 

These for c es , with different degrees of magnitude . are 
resnon s ible for the cohesion between ions , atoms . and mole ­
cules of all forms of matter. On the basis of this eviden c e, 
as well as the fundamental precepts of chemistry and physics. 
it i s possible to ascribe points of stren gt h an d weakness to 
these for c es i n their cohesive capacity. The net effe cts of 
these forces deternine the gross mecharrical properties of 
all materials . 

It must be re!ll i zed . hOl·re v.er-· .• · that the ir.trinsic 
strength which is ~ndi 'cated fOT materials is rarely achieved . 
When a test specimen of crystalline rock salt is broken in 
tension , the . bre~king load is 0.4 kilogram per square milli ­
meter; \o,herea:s the ca'lculated tens.i.le strength is 200 kilo ­
grams pe r square millimeter . Jorfe (reference 9) found , 

.. 
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however , that by surrounding the test specimen with hot water, 
lo~ds as hi gh . as 160 kilograms per square millimeter eould be 
obtained. He explained this on the ground that IIprematurell 
failure is due t~ the presence of submicro~conic scratches · or 
fis~ures on the surface of the specimen, around h lch extreme­
ly high stresses ma~ be concentrated. ny removin g these fis­
s~res as they were formed - that is, by continually dissolving 
awa~ · the surface - he was able to break the bonds along a 
plane of the crystal and thus approach the theoretica~ strength . 

T.ne presence of these minute cracks has been proved (ref­
~rence 10) by sputtering metallic films on crystalline sur­
faces which results in fine lines of the metal . The reason 
for these cracks probably lies in the fact that ideal packing 
in cryst a ls does not exist due to greater electrostatic forces 
within the substance than near the surface, thus strains are 
set up which cause the surface atons to rearrange with rela­
tive ease under an applied load. 

A brief consideration of several types of materials will 
serve to illustrate the behavior of the different cohesive 
forces . 

1. Crystalline Matter 

~he criterion of crystallinit~ is the regular ity of the 
arrangement of the atoms in a solid structure. Any atom in 
a crystal is separated from its neighbors by the same dis ­
tances and at the same angles as any other atom of the same 
kind . 

When a true crystal is subje c ted to a tensile stress i t 
will rupture along the line of least resistance. The struc ­
ture of crystals has been well established by X-ray and chem­
ical studies. Hen ce , it is possible to identify .the forces 
w ~·ie h. "e r. e 0 y ere 0 mea Ion g the c 1 e a vag e pIa n e . 

a . Covalent cr~tals.- In the cr y stals of nonmetallic 
elements , single atoms share electrons with each other in 
pairs. Since neither atom exerts a greater influence on the 
bond than the other, a state of relative inertia exists . Two 
factors determine the effect of these bonds in providing co ­
hesive stability , the bond distances, and the bond angles. 
The first of th e se factors determines the range over whi c h 
the attra c t ive force acts and how much it is interfered with 
by electrons closer to the nucleus of each atom . The second 
determines the co n fi guration of the crystal . 
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I t has been shown that carbon is' capable of forming 
single , doub l e , and even triple covalent bonds . That bond 
ang l e influences the structure is shown by the properties of 
diamond and graphite ; .whereas the effe c t of bond distance i s 
i l l ustrated by comparin~ diamond and crystalline sil i con . 

Diamor.d is the ca r dest and most inert of all crystals . 
I t consists of carbon atons joined to one anothe r by primary 
c ovalent bonds ; thus at t 1e end of each carbon tetrahedron 
the r e is another carbon atom . There is relatively little 
strain in such a crystal Snd · the distances between ea ch atom 
and the next are relatively small . In the case of gr aph i te , 
on the othe r hand , each carbon atom i s attached to thr ee o f 
its neighbors instead of four , two thr ough s i ngl e bonds and 
one through a double bond. The angle of the double bond i s 
quite different from that of the sin~le . The result of this 
arrangement is the formation of laye r s of two d i mensiona l 
plates ~hich are rather loosely held by Van de r Waals for c es 
in the crystal. That these van dar Waals forces are strong 
enough to give some stabil i ty to the structure is to be ex­
pe c ted f r om the fact that the ener y of the double bond i s 
l ess than twic e that of a single bon d. 

In crystalline sili c on in ~hi c h the atoms have the same 
arrangement as in the diamond crys t al , the bond distances 
are greate r and the bond energ~es are c onsequently less ; thu s 
a weaker structure results . 

o , 
O/y C 

C 
(Diar:lond) 

S,i 

S · 
Si /"' ,1","" Si 

Si 
( Silicon) 

o 
Bond distance = 1. 54 A 

o 
Bond distance = 2 . 34 A 

Bond energy = 58 . 6 k . cal. /mol. Bond enerEY = 42 . 5 k . cal . /mol . 

/ ' ......... ../ 
._- C ./ C -- C ./' 

..... // .... // -::. c- c ./ ./ C'- c ~ 

./ '-...-c -== 0 , . C - - '- /"' 
" C-==C / ...... C = C / . /" ......... 

-== C ........ C == C.:.. / ", c- c - :0 - 0 -
/ "'-: '" - C ;;--- .' C - - C ........ ~ 

'---..... /"' " 

( GrujJhi te) 
( s in51e Dond) ( double bond) 

o 0 
Bond distance ~ 1 . 54 A and 1. 34 A 
:aond enerE,Y = 58 . 6 and 100 k . ca.l. /mol. 
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b. Ionic cr ystals.- Ow i ng to the nature of i on ic bond 
formati on by the ca pture of a n electron from an e lectroposi­
tive atom by an electrone gative a tom , the c ohe s ive strengths 
of such cr ystals are weake r than those formed by covalen t 
bonding . An ionic molecule spl i ts i nto two fractions mu ch 
more easily under the influen ce of c hemical as wel l as phys­
ic a l forces. T~us , the solubilit i es a re high and the 
strength p ~operties low as co mpa red to covalent substances. 
The same rules of bond d i stance and angles govern those 
strengths . 

c. Coo r d inate c ovale_n t cr ysta l~.- The c oordinate cova­
lent bond has so me of the p rop ert ies of both ionic an d co­
valent bonds . It has been c a l led. , in fact, the semipolar 
bond . Th~ l a r ge g r oups of pure co mp ound minerals a re co m­
posed of complex cr ystals in wh 'ch one mo l ecula r type is 
co nne cted to another by the in te rloc k i ng of their i~~ividua l 

cr ysta l lattices . PauJ i ng (reference 1) has set forth sev­
eral rules ~htch app ~ y t o ~he ty~e s wh ich a re mo r e ion ic than 
c ovalent i n c hara ct er . The se rules are based upon the c on­
cent that an io ns a r e c oordinated at the corners of tetrahedral or 
polyhed r a l force dis tr i but io n s about each cat i on and that 
these pol;rhedra are joined Ctt a corn e r, an ed p,;G , or a face. 
On th is basis th e f or mation and p ro perties of su ch structures 
may be p r ed ic ted as fo llows: 

1. A c oordi nated po l yhe dron of an ions is formed about 
each cat i on , the cat io n - anion distance be i ng determined by 
the r adius sum and the coordi nat i on num~ e r of the cat i on by 
the r adius r atio . 

2. In a stable i on ic structu re, the v a le nce of ea ch 
anion is exactly or nearly equal to the sum of the st ren gths 
of the ele ct ~ostatic bonds to it fr om the a dj acent cat i ons . 

3 . The presence of shared edges, and especially of 
shared faces , i n a c oord inated structure , decr ea ses its sta­
bility. This effect is pronoun c ed fo r cat i ons wit~ large 
valence and s ma ll coordination numbe r. 

4 . In a cry sta l co nta i ning di:.'ferent c ation s, th os e 
with l arge v a lenco and small c oordination number ten d not to 
sha re ~o lyhedron e le ments with one anothe r. 

These rules a re so appl ic able to predo minately ioni c c o­
ordi nate bonds that vari an ce fron them is a test of p r edom ­
i nant covalency. All the forLs of silica obe~T them , 1,.,rni ch 
proves the par t i ally ionic nature of the Si a bond; .,hereas 
wit h su l fur , the S1S 4 tetrahedr a share edges with one ano ther 
to give i nfinite c ha i ns . 
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thus p roving the 8i - 8 bond to be essentially covalent. 

L~ysi.£.1JL ,conta in..1::18; hydr..Qge n bond s. - l':te phenomenon 
of the hydrogen bon~ is reapo~sible for t he unusual proper­
ties of water . Ey ana lo gy with ot~er rel a t e d compoun ds such 
a s E 2 T e , E 2 S e , and H:3 S, 0 r1 t! 1 e '0:-1. sis 0 f de c r ens i n g Dol e cuI a r 
weights and Van dar Waals forces , t he melting and boiling 
points of water would be e~pe ct o d t o be abo u t -1 00 0 BL d 
- 80 0 0 , r espe ctively . -

A good 'Gxample of O- O---H bondLl ~ in cryst a ls is g iv e n' 
by the two crystalline forms of oxalic acid. l'he alpha form 
of t his suhstanco consists of p l a t e s and the beta form of 
lon g c :':ains . 

H 
I 

II H 

o 0 
"' / 

H , H 
I 

0, 0 
" ;I '. / 

e 
I ' 
e 

/ '-" 

o 0 
I 
H 
alpha 

H 

H ,- 0 

.. -··0 

"-, 
c 

,/ 

0, - li--- 0 
/ 

-- c c--c 
\ ,/ 

O'--- R-- - 0 

0 - - .. 

/ 
'",-

O-H 



The plat~s and chains ' are interconnected - through very weak 
Van : der Waals forces. 
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e . Metal crvstals.~ The relationship between physical 
properties and bond distances and :angles is the s~me in metal 
as in other cryst a ls. If the atomic radii of the metallic 
elements are plotted against atomic numbet, it will be . seen 
that a minimum occurs in each case between the sixth and 
tenth elements of each secp.len ce . In this ' ran ge , the g reatest 
bond strength occurs and conseq~ e ntly the strongest metallic 
substances . 

As the number of valence electrons per atom incre a ses 
from 1 to 6, there is a correspo.nding inc'rease in electron 
pairs effective i n bonding the atoms 't oget he r in the ' ~et~l. 
Be,t .w,e·en the sixt h and the tenth element s · the number of 'e' le:c'-, 
tr on s rem a ins constant at about 6 , but becomes smal l~r E~~ ' 
yond the tenth . These relationships offer an explanatiQn 
for the 'fact that p ropertie~ dep~ndent on c ohes ive forces , 
such a's yie'ld point and ultimate ·ten·sile ' stren gth an'd ha:rd'':'':- ", 
ness r ea ch maximimums bet'"een t·he si.xth and tenth' element···in···· 
ejl.ch seque.nce in the Periodic Tallle 0 · •• 

f. Van der Waals forces . - In crystalline substances the 
equilibrium of. ener g ies in tho crystal lattice tp give layers 
and ' thr eads (y.,go , in graphite and asbestos , respectively) ." 
pre~lud~s t .1.1.e'· ex"il3t.ence of very , great bor:ding · forces between ; 
these more . 9t . le~s ._ saturated systems. That the~e forces do 
vary, . ho~e ve~, ~~ . ev idenced by. the much greater interplanar 
cohesion for g rappite . than for oxalic ac~d . gr mica . These i 

forces, t h erefore, depend on the cr~rstalline configuration 
as well as the nature of the individual 'atoms involved. 

2 . Noncrystalline Matter 

Most materials used for construc t ion are not pure crys ­
talline substances , but dQ have varying degrees of crystal ­
linity. Th e coh es ive behavior of a morphous substances may be 
explai n ed on the basis of the more definite knowled ge of 
cryst a l struct ure , in asmu c h as the same forces ho ld them to­
gether . 

a. Metals .- Most metals consis t of isol ated re g i ons of 
cr ystal li n it y surrounded by an a morphous med ium. Alloys ex­
hibit the prope rt ,ie.!3: of . .the co mpo nent parts e.xcept ' w.here true 
intermet all ic co mpourias are for me d. In the disordere~ . amor ­
phous regions of metals , t h e coh e sion is due to Van der Waals 
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forces of high magnitude. This is merely another way of 
stating that the attractive force does not reach the magni ­
tude of a valence bond . When metals are cold drawn , however, 
there is a mu c h g rea te r te-nden c ~r toward ;crystalline lattice 
formation with an accompartying increase:in cohesive strength. 

b. Glass .- Silicate glasses are the most common and 
have been shown by Warren (reference 12) to consist of a 
random network of silicon and oxygen atoms with each sil icon 
atom tetrahedrally bonded to four oxygen atoms (fig. 2). Al l 
the oxygen atoms , however, are not bonded to silicon atoms ; 
thus interstic es of var ying sizes exist throughout the struc ­
ture . When the composition of the g lass is modif ied by al ­
kali or alka line earth metals, these interstices become more 
numerous and each meta l i on i s surrounded by oxygen atoms 
with unsatisfied charges and is consequently linked to these 
through coordinate covalent att r active forces. 

Glass structures , in general, .a re co mpose d of oxides 
such as Si02 , Ba03' P a 0 5 , Ala03 ' and so forth , which a re 

known as network formers and oxides of alkali or alkaline 
earth metals such as NazO and CaO , which are known as net-

work modi fi e r s . 

c. Woo d . - The ·s t r u c t ur e 0 f woo dis, a sis t rue 0 f m 0 s t 
complex natural materia l s, very imperfectly known. Predom­
inantly, it consists of lon g fibers of cellulose joined to­
gether by means of lignin. The structur e of cellulose is 
that of a chain co mpo sed of glucoside units linked to one 
another through C-O-O bonds . Neighboring chains are intra­
molecu l arly held together by mean s of hydrogen bonds . 

H 

OR 
I 

OR 
I 

Lignin is not a single substan c e; i ts chemic a l nature va ri es 
from species to suecies . 
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The bond between cellulose ~nd l~gnin i s in itself a 
p r oblem of adhesion . Although the greatest strength of wood 
lies in the' direct i on of the cellulose fiber , many of the 
prope r ties of a given wood depend on the nature and acount 
of its lign i n componen t. 

d . Natur:al and syn_thetic ~1i .>·h Dolyme r s .- High polymer ic 
materials incluee all substances whi c h may be c onsidered as 
consist i ng of lar ge' ~ultiples of monome ri c units , formed 
e i ther b~ polymer i zation or conden s ation , Cellulose , rubbe r, 
and vinyl resins are examples of po l ymeric materials . Ther e 
a r e two types of hi~h polyme r ic COffiDounds : 

The r mop 1 as ti c - two - d i Ir. ens j, 0 n a 1 Ii. o l e c uI e s 

The r mosetti n g ,- three - dimens i onel molecules 

These two cl~sses of mater i als have a rr angements somewha t 
analogous to those of asbes t os and diamond , resue c tively . 

h The r mop l asti c n o l yme r s (refe r en c e 1 3). - I f the att r a c­
tive for c e s between c hains a r e strong and the fine 
s tru c ture pe r mits of eas~r l at t ic e formation , a 
high deg r ee of c rystall i n i ty and hence cohes i on 
wil l result . Su c h materials fall in the fibrous 
area of figure 3 . I n fiber~ su c h as cellulose 
the i ndividual chains are p r obab l y held togethe r 
by means of hydro g en bonds through ~he OR g r oups . 
Other fibers of hi.gh stren gth , such as nylon , a r e 
prob~bly joined by similar for c es . 

The for c es between molecules of po l ystyrene , po l y ­
methy l methacry l ate , and related materials a r e 
~ot as &reat as those between c ellulose ~rrd nylon 
molecules . These materials fal l in the plastic' 
area of figure 3. There are no very reactive 
cent.ers, such as hydroxyl or am'i:do grou!) s for 
forming hydrogen b ri dges between chains. The 
most likely assumption to exp l ain t h eir strength 
-i n f i 'l m s , f i 1 a men t s , and, s 0 fo r t, n ,' i s t hat the y 
ar.e,'held together by Van de r Wa:l.ls forces whi c h 
a!' e ' sttong because of the g reat asymmetry of the 
monomer molecules . , The vinyl polymers are not as 
adymmetr i c as polystyrene or mst~yl metha c rylate 
,and they t~nd toward rubbery 6h:l.ra c teristics . 

Rubbery ma terials owe their nroperties to very much 
we~ket Van der Waals force~ between t h e mole c ula r 
c hains . A tensile load applied to a rubbe~ ~auses 
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an actual change in the configurations of the 
chains; the coiled eq1ilibrium state is changed 
tot he s t res s e 1 c h a ins tat e . The s e mat e ria JG are 
located in the rubbery area of figure 3 . 

2 . Th e r m 0 set t i n ~ 01 Y r.1 e_li . - Cur e d. the r Iii 0 set tin g res i n -
ous naterials , such as phenol-formaldehyde arid 
urea-formRldehyde conde;sates, are composed of a 
three - dimensional cross - linked network , anala~ous 
to the diamond structure . 

In order for su c h a structure to be formed, it is 
necessary that at least one of the reactants in 
the polymerizat i on mixture have three or more ac­
tive c enters at which bond formation can occur . 
In phenol - formaldehyde resin , for example, the 
benzene ring is ca~able of forming bonds at the 
para a~d two ortho ~ositions with respect to the 
hydroxyl g r oup . Th0 cohesive forces in such a 
material are very strong covalent bonds, and con­
sequently , the gross physical properties are 
those of g r eat strength and stability . 

C. TEE NATURE O? ADS3SIGN 

1. Theories Conce r ning Adhesion 

The invest i ~ation into the nature of adhesion has as 
its objective the establishment of the most desirable phys­
ical and chemical properties for an adhesive betwe e n two 
given surfaces so that rraximum structural strength can be 
obtained. In the past two decades considerable interest has 
been aroused in t~is subject. Probably the greatest effort 
in this direction was that undertak~n in Great Britain, the 
results of which are described in the three reports of the 
Adhesives Research Committee under the ausuices of the 
Department of Scientific and Industrial Research. The greater 
part of this invQsti~ation ~as .conducted by·J . W. McBain and 
c01,ororkors (reference 14) '. At the same time, work was being 
done in this country at the U . S, Forest Products Laboratory 
by F . L . ~rowne and T . R. Truax . Both or ganizations were in­
terested in the mechanism ~ereby two surfaces of an adhesive ­
ly formed joint are held by the adhesive. 

Mc Ba i n as a result of his investigations arrived at the 
conc l usion that two types of bonded joints ~ay be formed : 

'" 
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Mechani c al - between porous - surfaces 

Specific - between smooth, dense sUTfaces 

Browne and Truax (see referen~~s 15 and 16) , however , main­
tained th a t although some of the strength of the bond be~ween 
two porous surfaces must be attri·buted to -tendrils of adhe ­
sive which enter t h e pores, this mechanioal interpenetration 
cannot account for more than a small f~ a ction ·of the joint 
s t r engt h • 

a . McBain's experimental work. - McBain drew his conclu­
sions from the following experiments : 

; • j , . 
1 . McBain p r epared j o i nts ,betwe e n qurfaces of silv~ r :t) q 

silver and silver to wood . He varied, t 'ne c haracter. o,f .. .t:>he ',I 

silver surface by 111elding silver gauze at several- po-i 'nt:s ··in:· 
si n gle and double laye r s to the smooth surface and :obtain,ed " 
qualitative results for the stren g th of bomi,s ,p .repared. ?1·i th. 
a proprietary gelatin glue : ~ 

1 . Ag:glue : Ag 
::(" . 

' ';' ! 

2 . ( A g ) g : g 1 u e :. (A g ~ g 
~ , ~ ",' ;. ~ i-' 

3 . Ag:glue : wood 1 

4. (Ag) : glue: wood 
g 

5. (Jig ) : gl'ue:wood 
'.' gg .. 

- . .! 

S.trength 

o 

o 

o 

Weak 

Moderate 

Remarks 

Glue film moist. 

Glue film moist. 

Glue fi .lm only on wood when 
joint was broxen. 

Stronger than 3; g lue film 
partly on silver gauze and 
'pa'r-t 'ly on wood; 

Strtinger than ' 3 or 4 ; glue 
film p~rtlj en silver gauze 
and. p ;art 1 y on wo.o.d . 

(Ag')gg = Silver to which . 'wa.s we:lded b.ro. lay ers of gau,ze . 
. i 

. " 

Simil a r results Jere obtained usin g g um arabic and molten 
shellac, respectivel y , as adh e sives. 

, ; 

i ' .. 
( .' 
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2. Surfaces of hard and soft woods were treated with 
three successive coatings of ebony stain before bonding and 
the joint strengths were compared with those of unstained 
surfaces by brea k in~ manually. In the case of soft woods 
the joints p repar ed with either the stained or the unstained 
surfaces could not be bro k en by hand, but in the case of the 
hardwoods, the stained joints broke. Mc Bain co ncluded that 
the stain was able to fill the pores of t he hardwoods , but 
not of the soft woods , thus preventing mechanical penetra­
tion by the glue of the hardwoods, which consequently gave 
we a k j 0 i 'n t s . 

3. If adhesion to porous surfaces is mecha ni c al , the 
joint strength must be directly related to the tensile 
strength of the glue. McBa in, using the method of Farrow 
and Swan (reference 17), preua red adhesive films by casting 
on thinly greased ferrotype plates. Films and snecimens of 
bonded walnut wood nrepared with a sodium silicate g lue and 
an animal glue, with and without the addition of dextrose, 
respectiveli, had the following strengths: 

Strength 
(p s i ) 

Glue 
Glue film I Walnut ,joints 
in tension I Shear I Tension 

1. Animal glue 12,000 15 00 825 

2. Anim a l glue mixed loJi th an J e s s than 600 420 
equ a l part of dextrose 1000 

3. Sodium silicate 600 700 

4. Specific adhesion requires wetting of the surface 
not only by the solvent, but also by the glue . McBain at­
tempted to show that gelatin does not wet several porous 
surfaces with which it forms strong joints. (See references 
18 and 19.) To do this, he measured the water absorption of 
filter paper , viscose rayon, and fused silica, and then meas­
ured th e c hange in concentration brought about by the addi­
tion of these materials to aqueous solutions of glue, He 
found that only with fused silica did the concentration be­
co me lowered. This he interpreted as showing that water was ; 
being remov~d from the solution by porous substances such as 
filter paper and viscose rayon, but no glue was being ad­
sorbed. 

5 . McBain believed that if s~ecific adhesion is opera­
tive, the attractive field of the solid surface should impose 

.-
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an 0 r i e n t i rr gin :f 1 u e n. c, e up 0 nth. e. rn 0 ],. e cuI e s 0 f . the v e r y t h i n 
.a d he s i vel aye r . Ins n c h _ a cas. e 't h e g 1 u e _ s t i 'U: q t u res h 0 u 1 d 
differ in a g lue lin~ fio~ that ~ of a ~Oltd ~lock of glue. 
Studies :of X- ray pattern,s fro m glue fl1Iiiso'n wood revealed 
no such difference~ . .-.,. 

21 

b . Forest Products Laboratory experi mental work.- Browne, 
Truax , and other workers ' gave the folIo-wing. inter:pr-etat.ion to 
t hese experiments: 

1 . Some degree oC 's p ec'ific adhesion is a -n'ecessar-y p-re­
requisite of mechanical adhesion in the case of mat~ri~l~ .' 
having such a fine d(~ gree of porosi.ty as wood. Red oak sur­
faces , selected because of thelarg'e pores' , were joine'd; 'fwith 
Lipo,,,itz metal alloy (reference 16)· which has a : melting ::~point 
of 60 0 C, does not wet wood , and has a viscosity not unlike 
t h a t 0 f woo d w 0 r kin g g 1 u e s : The j 0 i n twa s . e a s j: 1 Y s epa t. ci t~ s-d ' i.J 

by hand and the film was removed intact . -. .-. 

Glue solutions contain considerable volum~sof water er 
other solvents. As the joint dries, the s lue contracts 
throughout its entire mass. If ' t .he interpenetrating t~ndrils 
did not adhere tenaciously to the cell walls, they wouJ,d 
shrivel and the entire interface betwe e n wood and adheiive 
would disintegrate . Photomicrographs of glued ' sections 
showed that in all cases the glue had remained attached to 
the cell walls and in dryin g had contracted from the center 
of each tenaril; leaving a hollow cylinder. 

2 . In the stiining of hard and soft woods prior to glu­
ifi~, the pine probably ' absorbed the oil st~in more readily 
than did the maho~any; thus enough of the surface ' of the pine 

. was unaffected to form ' a , good joint . If sandpaper were used 
to cilean the stained mahogany surfaces the·!filled pores would 
be unaffected ; whereas cells of th e wood would be · exposed on 
the surface to be bonded. ' McBain ' s experi~ent ·was ,repeated 
using paraffin wax a n d collodion , respectively, to seal the 
pores and the surfaces were sanded be~ore gluirig. Good ' 
joints were obtained althou gh penetration was ' g rBat~y . ;educed 
as evidenced by photomicrograp hs. 

. '," 

3. McBain's ~elationship between the ~ensile stren g \h 
of glue films and the shear and t e nsile ~trength value~ of 
glue joints was based on an experiment in which gluing meth-

' ods assuming mechanical adhesio'n ·were· ,used -. ,.Thus, the "glue 
was prepared in a thin solutioni applied hot to heated · wood 
surface's ' and 'pressed imme d i.ately in .: Qrd;e,r ·: to · ;£ill t.he . wo0d as 
much as possible with g lue. .'-," ~," ... -"r ,:' 
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This expe"riment was repeated on several species of wood 
glued with sodium silicate, ~nimal g lue, and animal glue con­
taining two concentrations of dextr os e. The tensile strength 
of walnut joints, and the shear strength of maple joints 
glued with these substances is as follows: 

Glue 

1 . Animal glue 

2. Animal glue-dextrose 
mtxed ( 1: 1 ) 

3. Animal glue-dextr ose 
mixed (1:1.5) 

4. Sodium silicate 

aValues determined 

bMapl e block shear 

cvTa lnut joints 

by 

Strength 
Cpsi) -----r 

Glue film in Wood joints 

tensiona Shear b Tension c 

12,000 3950 1400 

L ess than 3350 1300 
1000 

3150 

600 3000 950 

~~cBain 

In each case the g lue was applied in concentrated solution to 
one surface and allowed to dry until the glue line retained 
a finger print and then assembled. The joints so obtained 
were much stronger than t ho se of McBain. Although there is 
some loss in joint stren gth when the g lue is weakened, this 
loss is not so great as ind icated by McBain and, furthermore, 
the greater number of failures in these joints occurred in 
the body of the g lue and not at the interface between " the 
glue and the wood, so that the failure was not one o f adhe­
si on. 

4. McBain's conclusion regardin g the lac k of adsorption 
of g el atin from aqueous solution is not necessarily correct. 
If water is more attracted to wood than is the gelatin, it 
will be selectively adsorbed from s olution, thus g ivin g the 
appearanc e of negative a dsorption for g elatin. 

Campbell (r efe re n ce 20) has recentl y advanced the theory 
that g lu e is adsorbed to wood surfaces t h rou gh a monomolec­
ular laye r of water which is directly attached to g roups on 
both the wo od and glu e surfaces. 

.' 
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5 . Although the ' ?ores~ Prod~cts Laboratory workers did 
not comment on HcBain's f.ift.h exp e ri ment , later inve,stigators 
stu~yini the eff~ct of surfa~es en lubricant films have found 

', th a~ attractive forces between a su~f&ce and an adso rbed 
layer do not operate through much more tha~ a monomole cular 
layer of the liquid. (See reference 21.) This is in agree­
ment with the findin~s of Lennard-Jones (reference 8) ~hd 
calculates the e lectrostatic attraction between surfaces and 
cha r ge d particle~. In such a disor bqn izG~ macroscopic s~s ­
tem as an animal glue film it is not likely that orientation 
effects present in a monomolecular layer ' could be detected 
by the ffiethod used by ·McBain. ' 

2 . The Chemical Pronert i es of Surfaces (referenOe 10) 

It has been shown that adhesion to any porous surface 
is not primarily a mechanical phenomenon . Evidence is accu­
mulating in every pertinent field that molecular attractive 
forces are resp onsib le for the bond between any t¥o surfaces . 
A knowledge of the chemical nature of ~urfaces is necessary 
in orde~ to establish the type of bond formation which may 
occur. 

The surfaces of solids are entir~ly differe~t from their 
inter~al structures . The simple treatments of gr inding an d 
polishin~ tiffer very greatly in their effects on ~urface na ­
t u r e . I n' met a J. s , e s p e ci a 11 y , :x: - r a~.r d iff r act i o,n pat t ern s s how 
tilat grind.ins ren:oves 'sections of the surface l"it 10ut appre­
ci able distort~on o~ the remaining crystal structu re; whereas 
polishin~ re~ovp s the nromontories and deposits materials 

- fro~ them in ~~e crevasses, leaving a smooth transp~r~nt 
a~orp~ous fil ~ known as the Beilby layer. This layer has 
more of tbe characteristics of ~ liqui d than a solid and is 
much more reactive . If, for example , a meta l vapor is con­
densed upon a p olished metal surface, a crystal pattern is 
first oot-ained, but on s tand in g this changes to that of a 
completely a mu r phou s structur~ . If a . nail 1s .hammered into 
a crys~all ,ine sUrface, the amoTphous ring ~~ound the hole 
101 i 11 be" m 0 r ere ad i 1 ~r at t a eke d by a c ids t han t h.e r e rna i Il;?- e r, 0 f 
the s'ur 'fae ,e . · Gla s .s · sur face s \\I'hen pol i shed ar ere n.de r eO. d ou­
bly ~efr~ctin g to a depth of 3000 ~ngstrom units. 

Solid surfaces' are very irregular i n their constitut~on. 
Thus, the surface 'of even a mo,nq crystalJ. ine me,tal will cO.n­
t a i n d iff e I' e n t fa c e s, e d g e s, cor n e'r s, and pro j e c t' ion s .- For 
this reason, all ~art~ of a given surface will not have the 
same catalyzing ability and consequently the same degre ~ of 
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affinity, for ,adhesive substances. J:xperiments show that dif­
ferent faces of the s'ama crystal exert very different forms 
of attraction upon dyes. Thus, if 'lead nitrate is immersed 
in a solution containing methylene blue an d picric acid, some 
of the surfaces will ~e blue and some yellow: neither-film is 
contaminated with traces of the other dye. 

, The greater the activity a surface possesses, the more 
likely it is to be contaminated with impurities, which are 
present in the air. FreshlY split mica surfaces will sieze 
~ach other tenaciously, but if they are freely exposed to 
circulating air currents they lose this activity after a few 
minutes. It has been demonstrated that if these surfaces are 
covered, they will retain their attraction for each other for 
several days. Accidental traces of grease will greatly re­
duce the wetting uroperties of such surfaces and even slight 
contamination will increase the contact angle with a li~uid. 

The purification of a surface is, consequently, of the 
greatest importance if strong tenacious glue lines are to be 
obtained. This is by no means a simple operation. It is 
possible to clean the surface of g lass by heating with a 
fla me for a short time,provided the contamination is not ex­
cessive" but this ~reatment cannot be applied to most other 
surfaces ' as, they would be'come sintered. Metals may be cleaned 
with benzene or by slight etching with acids foll~wed by wash­
ing with, di.stilled water and drying \"ith alcohol and ether. 
It has been demonstrated experimentally at the Curtiss-Wright 
Laboratories that sandin g of wood surfaces with the finest 
grade of sandpaper immediately befor e glu in g gives a much 
better bond than that obtained with g lazed surfaces produced 
by planing or with roughly sanded ones; thus the sanding op­
eration is one ' of cleansing. 

3. The Mechanism of Adsorption 

a. Adsorution phenomena, ' general.- Determination of the 
heats of adsorption and chemical investi gat ion of adsorbed 
films on solid surfaces show that two distinct types of for ­
ces are involved. When a gas is atttacted to a surface by 
means of Van der Waals forces, ,the heat of adsorption is 4000 
calories per mo le or less,and the variation of a fe w de g rees 

' in temperature results in a simple pumning off of part of the 
film. If, on the other hand, a n actual covalent bond is 
for med, as is the case "ith oxygen adsorbed on carbon, the 
heat of adsorption will be of the order of 10,000 calories 
per mole and m~y even reach as high a value as 200,600 calo­
ries per mole. In this latter case, the temperature required 
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to release the adsorbed fi~m is sufficient to pyrolyze the 
chemical bond. Very frequently this bond is stronger than 
the cohesive bonds of the adsorbing material and the compgund 
formed betwe~n it and the gas is released as such; thus, 
when oxygen is adsorbed on charcoal, heating results in the 
liberation of carbon monoxide and carbon dioxide . 

Depending on the temperature, the same gas may be ad­
sorbed by Van der Waals forces or by primary chemical forces. 
Folanyi (reference 22) pointed out that the free valences of 
a surface would not attract the impinging molecules of a gas 
until these had surmounted a potential barrier. In other 
words, only those molecules whi~h have a certain ener g y val­
ue will co mbine chemicall~ with the surface. This relation­
ship is well illustrated by the behavior of hydrogen on 
nickel at various temperatures between _200 0 a d 1 0 0 0 C at 
different pressures. Thus , at 600 millimeter pressure the 
curve of volume adsorbed plotted against temperature is given 
in figure 4. (See reference 23 . ) At _190 0 to _180 0 C ad­
sorption takes place. al most instantaneously through Van der 
Waals forces. The amount of gas a dsorbed decreased to a min­
imum at about -160 c C because of the increase in kinetic 
energy of the gas molecules. Above _ 160 0 C primary bond for­
mation begins to occur . Adsorp~ion reaches a constant value 
between -110 0 and 0 0 C. Further t~cr e ase in temp e rature re ­
sults in the pyrolysis of the chemical bonds . 

b. hdsorption phenomena at glue lines.- It is evident 
that the primary consideration in selecting a suitable adhe ­
sive for a given surface is an evaluation of the relation­
ship between active groups on the molecules of the adhesive 
and the surface. At the present time, the difficulties in ­
volved ·in measuring the exact area of a solid surface and 
the lack of kno~ledge with respect to the configurations, 
molecular ,,,eights, and kinetic behavior of high polymeri·c 
substances make it imnossible to define mathematically the 
total bo~d energy at a glue line interface. It should be 
possibl~, however, to construct a theoretical picture of this 
region which would lead to a better understanding of the phe­
nomenon of gluing. 

1 . Metal surfaces . 

(a) Metals to metals (direct).- The art of metal 
bondin g deuends very gre~tly on the uses of solders and welds. 
The chemistry of alloy formati o n furnishes considerable in ­
forma.tio.n on the nature of the attractive forces involved . 
If two rp etals are very closely related - for example, copper 
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and old atoms of the one will replace atoms of the other in 
a crystal . When there are certain definite proportions - . 
for example , CuAu ~nd Cu

3
Au, the distribution in the crystal 

will resemble that of an i on i c co~pound such as NaCl . If 
the metals are dissi~ilar they may actually form chemical 
c omuounds which have their own crystal structure and have 
che~ical and physical prouerties which are quite different 
from those of the constituent elct1ents. Thus , the melting 
~oints of sodium and mercurv are 97.5 0 and _ 38.7 0 C, respec-
.- , • 0 
tively ; whereas the substance 3g a Na ~elts at 350 C. 

Although the exact relAt i onships which bold in the crys­
talline state are not exactly those obtained in a soldered 
or elded joint, the same ~eneral laws apply. Thus, the ex ­
perience with solders has been that the strongest and most 
permanent bonds are formed between metals having optimum 
chemica l affinity. (See reference 24 . ) In all cases where 
the metal surface renains solid , a good bond with the liquid 
solder is best obt~ined wben a wetting agent or flux is em­
ployed to cleanse the interface . 

(b) Metals to ' enamels. - When metals are glazed with 
vitreous enamels , it has been observed that the ground coat 
between the metal and the glaze must contain cobalt or a 
si-m i lar oxide . The role of tile cobalt c(\mpound has been the 
subje c t of much controversy , but a plausible theory is that 
it serves as a catalyst in forming the bonds between atoms 
of the Fletal and ox~\rgeri" ato :J s which are at'tached to silicon 
in the enamel . I'be i 'nt'erfacial bo n d bet'".reen a vitreous and 
a metallic s rface, accordin~ to Weyl (r~ference 25) must be 
of the chemical tyne in order to explain the stability of 
such a system . King (reference 26) has reported that in the 
case 'of g ood. bo nding bet l veen iron and enamels, atoms of iron 
partially' 'genetrattl into the enamel in the form of dendrites 
which remain attached to tha iron surface . 

1c) Metals ,to r ubber.- It has long been known that 
extremely good bonds are obtained by vulcanizing rubber onto 
certain metallic surfaces . EVidence s h ows that the rubber 
is actually attac~ed to the s~rface t h rough a sul£ur bridge. 
The bond is obtained more easily ~ith brass than with iron 
(reference 27),a fact which correlates with the greater ease 
of the sulfide ~ormation of cop~er and ZilC than of iron . 

ld) Metals to resinous adhe,sives . - An example cf 
primary bond formation b~tween a resin and a metal surface 
has been described by Doolittle and PCiell . (See reference ' 
28 ,. ) These workers develo~ed a vinyl chloride - acetate co ­
polymer resin VMCH for use as a metal lacquer by polymerizing 



NACA TN No . 989 27 

a small amount of maleic acid with resin, thus givin~ free 
,car~oxyl groups on the chain end s of the polymer . The amount 
of acid must be controlled to a small p roportio n , because 5 
percent or over causes excessive corrosion of the metal . As 
low as 0 . 1 percent , however , gives improved adhes ion an d the 
optimum amounts are between 0 . 3 to 1.0 pe r cent . That the 
carboxyl g roup is responsible for adhesion was proved by 
for~ing the sodium salt of the resin, thereby destroying its 
a dhesive properties. Dieste r s of the acid s~owed poor adhe ­
sion , but nonoeste r s were almo~t as effective as the acid 
itself . This development is an excellent example of what 
may be expected from a careful study of the chemical nature 
of adhesion . 

In his 1,o .. ork f.or th'e Adhesives (joTI!!!1 i ttee , McBa i n invest i­
gated the adhesion of "a large number of substances to metals . 
He found a close relat i onship between the atomic voluee of 
the metal and the bond strength of a given adhesive . With 
shellac, for example , there is almost a linear relationship 
between atomic volume and tensile strength of the joint , as 
sho~n by the following data : 

Meta l 

Nickel 
Copper 
Aluminum 
Tin 
Lead 

Atomic vo l ume 

6 . 7 
7 . 1 

10 . 1 
16 . 2-
18 . 2 

Tens~le strength of 
shellac - ~lued jo i nt 

(p s i ) 

3500 
3300 
2800 
1100 

600 

Investigators at the Resinous Products and C~amical Company 
have found that Redux joints a r e stronger wit~ high valency 
met a 1 s t han '"/ i t h 1 0 \>' , and, ' t hat It! i t h d iff ere nt iS r ad e s 0 f s tee 1 
tje adhesion is poorest wit~ those ~hich oxidize re ad ily , 
such as silicon steel . 

2 . iVood surfaces 

i.§..) Wood to adhesives. '..; Adhesives for wood have been 
rr.ore thoroughly investi gat ed than for an y other material . 
The mechanism for the bond between wood and ph enolic resins , 
which is mu c h strong~r than the cohesive bonds of wood , is 
very probably hydrogen ,bridging betqeen hydroxyl groups in 
the two materials . The r eactivit y of the phenolic hydroxyl 
groups i s indicated by the f a ct that water - i nso luble phenol ­
formaldehyde resin will dissolve readil,' in sodium hydroxide 
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solut i ons of moderate ' c oncentratio~ and even the cured res i n 
is attacked oy strong alk~line solutions . 

The prooaole structure of urea- form~ldehyde resins in­
dicates that much of their oonding power resides in the amido 
( - NHa ) and imido (=NH) groups which-are uresen~ in large num­
oers · in the uncured state . These groups will also partici ­
pate in hydrogen oonding to other amido , imido , or hydroxyl 
g r oups . Campoell (reference 20) postulates that, instead of 
direct oonding to cellulos i ~ hydroxyls , a molecule of water 
serves as an in te rmediary oonding material oetween wood and 
urea resins . The ranid faillre of such st r uctures when suo ­
jected to alternata re tting and drying was regarded as e v i ­
dence of such oonding . Introduction of h igh-ooiling water ­
insoluole alcohols into the adhesive mixture improved the re ­
sistance of the oond to delamination under the c . cle condi ­
tions. 

(0) Wood and meta l to adhesives . - Most adhesives 
which form satisfact ory oonds to metals are not suitable for 
o 0 n d. i n g ! 0 0 d a n d vic eve r sa . S eve 1- a 1 a d il e s i v e s h a v e 0 e e n 
develo~ed recentl y , ho~ever , which consist of comoinations 
of ruooers with phenolic resins . The oonding is accomplished 
oy heat,which cures the phenolic resin i n a strong oond to 
the wood and the r uooe r to the metal . 

It has oeen found oy Cun ne en , Farmer, and Koch (refer­
ence 29) that olefins form compounds with sal i genin , which is 
the precursor of phenol - formaldehyde .resin . 

}~ 
C - R 
It --.:::.-
y-' R 
H 

( Sali g::min) ( Olefin) 

+. H 0 2 

It has also been ooserved ~hat an oxidized r ubo er reacts 
readily with maleic acid , phenol , and formaldehyde to give a 
modified ruooer - phenolic resin. (See reference 30.) 

A reaction oetween ruooe r and a curing phenolic resin 
probabl~ occurs in this same manner, the terminal salegnin 
grouping of the resin attaching to the douole oond in the 
surface molecules of the ruooer . ~hus a primary chemical 
oond would oe for med , accounting for the high shear strength 
ooserved for th ese ruooer - resin adhesives . 
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~ . Glass surfaces . - The effect of c obalt ox i de in bond ­
in g vitre ous enamels to me t a l has already bee n mentioned . 
St annous c hlor i d e is used to p ro mote adhes i on in p l ating 
silv er and othe r metalli c films on g l as s. The strength of 
the bond betwee n sodi um si licate a nd g lass indicates that 
primary c hem ic a l bonds are involved. 

4 . Rubber~rfaces .- Stron g bo nds may be obtained be­
tween rubber surfaces through Van der Waals forces as' well 
as through che mical bonds . In the f irst c ase , a solution of 
rubb e r apnlied to a r ubbe r ~urface leaves a fused structure 
wh ich has goo d bond stren g th. In the second c ase , vulcani­
zation proceeds across t he interface of two rubber surfaces 
in the s ame manner as wit h in the two ori ~ in a l mas ses. This 
is ev ide ~ce d by the bond st re ngth of v u lc an ize d patches on 
tires . . 

~. flastic ' surfaces.- It has been fo un d by Barkhuff and 
Carswell ' (refe rence 31) that a ther mo setti ng resi n c u red at 
one ; te~De r ature g ives eviden ce · of furthe r c u r e at a h i gh er 
temp erature . Th is i ~d ic ates that su c h a resi n may frequently 
re tain a degr ee of reac tiv ity which would be sufficient for 
6 he~ical reaction at the su rface with a curi ng thermosetting 

~ . adhesiv.e . · I n the bOI ding of any r e si nous surface ' c u red in a 
m61d o r between press platens ; i t is very i mportant to remove 
any 'waxes used in the ir fabricat i on from the su rfa c~ in order 
to pe r mi t ad s Q~pt i on of - the adhes i ve mater i a l . 

Thermoplastic materia ls a r e usual l y swelled or dissolved 
by Qrganic solvents . Cons eq !ent ly, they may be bonded by the 
a~dition of a sdlvant whbch a ttac k s both s u rf a ces and allows 
a .n inter.d. if fus i .on o,f the, ·two ma terials. This pe r mit s the Van 
der Waal~ att rac t~v e ·forces to exert a max i mum effect brought 
about thFQugh .hydrog~n · ~rid ges . 

1 • 

4 . Fundamental · ~pproaches t o the ·Determination 

of the Nature of Adhesion .. 
• OM. 

a . T ~e Bartell cell (referen~e 32) .- I t has l ong been 
kn·o\"n .. tha,t t.he a f finity of a soli,d substance 'for ·ali ·qu·id 
wa s dir'13.ctl y rel ate d to the shape of a drop of the -liquHl on' 
a . .smo,oth surface of the soli d. B;.r measu ri.n·g ·the angl 'e o:f 
c onta ct, it is ~ossible to c a lcul ate the adhesi 'on tensi ~n at 
the i nterfa ce: 

e > 0 
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where 

A adhesion tension 

S surface tension 

b contact angle 

Subscript!'; 

1 solid 

:3 liquid 

This device is useful where the contact angle is f i nite , 
but for the purpu~se of a study of adhesives it is much more 
important to measure the attraction of a solid for liquids 
which form a contact angle of zero. In other words, the best 
adhesion is given by substances which have a greater adhesive 
attraction for the surface than cohesive attraction within 
themselves . 

Bartell and coworkers have found that by using two immis ­
cible li~uids , one which wets the surface very well and one 
which wets it very poorly , it is possible to measure adhesion 
tension if several other values are known or can be calculated. 
This is based on the use of a displacement cell now known as 
the Bartell cell, which is shown in figure 5. 

The solid substance is powdered to a uniform particle 
size c arefully cleaned and dried and packed into the cell com­
partment by a special technique , such that two-thirds of the 
plug is saturated with the poorly wetting liquid and one-third 
with the liquid which is to be measured. The spaces between 
the powdered particles behave like minute capillary pores, the 
average radius of which may be determined by means of the for ­
mula for the rise of liquids in capillary tubes as well as by 
Poiseuille I s formula for the rate of flow of liquids through 
ca~il1ary tubes. Values calculated by both of these methods 
check the pore size with a high degree of accuracy. 

After.packing the cell, the equilibrium pressure required 
to displace the poorly wetting liquid by the highly wetting 
liq'Uiil. is measured . By means of the follovring formulas, the 
adhesion tension is calculated: . 

cos e = 
8,3 

981 Pr 

2 S 
8,3 
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where 

A 1 ,' 8 - ; Al 3 ' = ' COS 823 S8,3 
" , 

,l ' . 

r.: . 

8 
2, :3 

A 
1, a = co s S 

<3,:3 
+ A 

1, :3 

(3 ) 

, (5) 

A adh e si o n t ensioQ ~ . 
, ~. 

p di sp l a cin g pressure 
."; '} ; , " 

S surf a ce ten s ion . .;, .... ' .... 

8 c on t a ct a n?; le ' . ~ -1,. . f . ' . 

r a v e r a g e p 0 r- e, r ad ius 
:. r' 

Subscri pt s r r , I 

1 s o l id 
.- . 

2 hi ?;h l y 1J{Bt:t .Lng ) . i qu:ict 
.... i:) ~ '\ ;- .. ,. ~ 

3 po o !' 1 y~, w~ t lyJrr£~ J ~ ,(pl,i d 
.. 'J . ~ . ~ ,";~. .J ~ '; ~J I • 

An examp l e of s,y.c h ~' ., eal~ul'at i .. on ·is g i ;v e n -by s blid c a r­
bon , earbo~ ~ et~ac~~or~d~ , and water (c a rbon -1; c a rbon 
tetraeh l o ri~e f · l~quid , ~; w~~er ~ liquid 3)~ 

-6 
r = . 9.3 X 10 em 

.P 8 ,- ~ ~ 6 :) 3 5 g / ~ m 2 

S 3 = 72.08 dynes/em 

c o s 
6 9 35' x 981 x '9 : 3 ' ; " 10":"6 " = 0 . 7103 

2 X 44 . 54 

A· ~ ' '' 8 :;·- :·AJ:.,3, , :=: ' ; ( O .71 03 ): (-44 · . 5~ ) = '3l. ,63. dy n es/em 

Adhe s i on.,t ,e;~s;i on' \>;~ t '~ r :' c a 'r :b o~.:·~ ~' i : , '3 ~. !~ C o's 40 0 35 1 ) ( 72 . 08 ) 

, . ,": " ' " ... .t -= 54 .. 74 d yn e s / em 

54~74 + 31.6~ = 86 . 37 
d y nes/em 
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A possible means for attacking the problem of adhesion 
of high polymers to solia surfaces would be the measurement 
of adhesion tension values of polymers of low molecular 
weight. Thus, monomeric vinyl acetate and pure fractions of 
several polyvinyl acetates of low molecular weight may estab­
lish a useful relationshi~ between adhesiveness and polymer 
si ze . 

b. Heat of wetting (reference 33).- When a solid is im­
mersed in a liquid it mayor may not be dissolved, but in 
either event a heat change occurs. The heat liberated in 
the latter case is known as the heat of immersion or wetting 
and is directly related to the energ~ of attraction between 
the two substances. Harkins and coworkers have devised a 
calorimetric method for measuring this heat and the results 
have been applied in the paint and varnish industry in se­
lecting suitable vehicles for pigment particles. 

c. Heat of formation.- In the investigation of the nature 
of adhesion, the heats of formation of chelate compounds as 
well as ion exchange reactions of certain groups such as hy ­
droxyl and carbonyl should thro~r some light on the strength of 
bonds involving such groups. Phenolic resins remove ' anions 
from water by exchanging hydrogen for the anion on the hydrox­
yl . group. This takes place readily with sodium and should 
bear some relation to the heat of reaction of sodium phenolate , 
resorcinate, and so forth. Although unmodified phenolic res­
ins are poor adhesives for metals, because of incompatible 
physi~al properties, they do . form such strong bonds to steel 
molds that· the: removal of a molded object may be effected 
only when waxes are used to prevent bond formation. 

II. PROPERTIES OF ADHESIVELY BONDED STRUCTURES 

A. PHYSICAL STRENGTH OF BONDS 

1. Mechanical Behavior Phenomena 

It has been previously shown that high polymers consist 
of a weblike distrib~tion of molecules which, ' in addition to 
being mechanically intertwined, are attracted to one another 
by force,s , ,ranging from weak Van der Waals forces to strong 
chemic~l bonds. Any high polymer at a given temperature will, 
consequently, be either rigid or soft, dep~nding on the magni­
tude of · these bonds. There is a definite temp'erature for each 
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substance below which it is appre cjably more ri g id than it 
is above that tempe rature. ,This point is known ~s the tran­
sition point and is a characteristic of ·ma terials bonded by 
Van der Waals forces. 

When a high ' polymer is placed under a given stress it 
~ill suffer a deformation, the extent of which depends on 
the temperature and the amount and rate of loading. The de ­
formation may be resolved i n to th ree components • . (See refer­
ence 34.) 

a . Ordinary elastic de formation (d OE )'- The ~ndividual 

links in the chain molecule may be stretched by ' ~ltering the 
bond angle under an applied load. 

c c .C 
"-r/ " /" 

u ' C 

'i O]; 

The forces required to bring about such a · strain are very 
high, being of the order of Youn g 's modulus for metals. Thus 
may be defined a modulus of elasticity (G OE ) for this process 

which has a magnitude of 104 to 10 6 kilograms per squa re cen­
timeter . Such a deformation wiil appear or vanish i mme diately 
as the load is applied or released. It is c ompletely inde­
pendent of temperature. 

b . Highly elastic deformation (dEE).- A c ha in molecule 

has consi~erable len g th with ~espect to molecular di~e~sions 
and the single covalent 'bonds 'do not prevent free. rot at ion ,' 
of the atom s in the chain. Co nse quentl y , the max imum possi ­
ble distance between ends of a c~rbo n chain is neVer readhed 
in equilibrium . It seems mo st likely that the c ha in i~ more 
or less coiled along its entire len ~~h and the dist~~c~ be­
tween ends will have a defi n ite ran ge for a given kinetic 
energy of the molecule. In order to incr ease the distince " 
between the ends o~ these mo l ecuies , it is ne~essarl tha~ a . 
distorting load be sufficient to uncoil the c hain . In addi ­
tion to t:2e energy required for uncoilin g , some . energy must 
be expend'ed in overcominG ,the at,tractions betwe~· n .. poin .. ts .. .. . 
along the chain and similar points on nei~h~oring molecules . 
This latter eff e ct accounts for the fact that this process 
is t e mpe rattire dependent . 

The modulus of elasticity (GHE ) for a material which may 

be distorted by this process is of the orde r of 10 to 100 
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kilograms pe~ ' square centimete~ a~d very great distortions 
are obtained; rubbe~ , ' for example~ may be extended 1000 pe r­
cent. Once the load is removed the coili ng p rocess will be ­
gin, but requires time to r ea ch equilibrium. This equilib­
rium is attained by simple revolutio n of the atoms about the 
sin~le bonds arid by overco ming at tractive neighboring forces 
which retar d the pro cess. ' 

c. Viscous deformation (dvis c )'- A-nove the tran:s ition 

temnerature a thermoplastic material will be pri nci pa lly dis­
tor~ed by separation of the molecular c ha i ns . This means 

' that the k i n etic energy 0: c ha in mot ion is sufficient to 
overcome the Van der ~aals side forces , thus a llo wing the 
molecules to be drawn a l ong each other without a grea tly re­
tardin g friction. Th is p r o cess is also time dependent, the 
rate of flow depending on the d i ff er en ce between the experi­
mental temperature and the transition point. 

d. Deform~tio n eauat ion.- ~he total distortion of a ma­
teri a l exhibiting all those c haracteris t i cs may be repre­
sented by the follo~in g 1iagr am : 

, 'liRE 
Each element i n the diagr a m wil'l be d isplaced to an extent 
dependent on the load. Th e increase in dist an ce between A 
and D under a giv e n load is the tota l dist ort i on fo r that 
lo ad. Thus, there may be wri tten : 

d OE i ncrea se in distance AB 

d RE increase in d istan c e BC 

d visc increase in cUstance CD 

This pro cess has : b~en represented 
Alexand rov an d Lazurkin (reference 35) 
(reference (36) as follows: 

D ( t) = dOE + d HE ( CD) ' [1 - e xp 

mathemati c a lly b y 
and mo dif i ed by Simha 

'. 
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The total deformat i on (n) is expressed as a function of rate 
of loading , and as th~ ~~m " of . t ~~ , ~hree type~ l of , d~£orma tion 
alre~dy discussed. Thesi~nif~tance ~f ~a~h : Of , th ese ' ele-
ments is as follows : \' " , 

: .. I 

, d OJjJ 

= "~ , 

\.!her e 

, I • 

;, .. , , 

.. '!. J I • t ~ l : 

- " 
' " 

ordinary shear , tension , or co mp ression modulus 
ofe las ti ci'ty 

. ~ , ', '. 'J. , .. 

T str es s -
: . 

2 . Hi ~h elasticitx 
. : ~ 1 . ~ . 

. :. ~ .! , .. 

" d ~'E(o:» i = , :ul~ , i. ,m ati, ~ J~i~~ el ,a stic ' ilefo'i'mation " - , 
'., ' < ) 

.. , 

T 
= 

f.:' 

whe re ', ' 

GHE m'oa.ulus o:'::;h i gh elas'.t ici ty 

This 
ex,?res 'ses 
elemen{~ 

. j. ! , 
'" .... J. 

;~cto r is modifi~A by th ~ . . .' . , 
the denenden cy:oh r at e of . ; ,.; . . 

, ,. 
~ '. ' 

,; 

r • 
~ ,I 

. ' I \ '" 
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-', , 

,-,.} . 

I ~ • I : 
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" I ,~ I I 

e X'Pon~nt ial :term w~i ,~~ 
loadi~g and the viscOUS 

;. ~ f '. <' 
\ 

t tfme e laps~ d betweeh ~ ~tart of ! lo adin~ and the inst ~n~ 
of ob s e tvatio n , r ~ ~ e o f loading b~in constant 

A = nHi' ", " ' 

nHE t h"e viscous effect a?so ci ated'vofi th the h i {';hly e l ast ic 
defo r mat i on 
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3. Viscosit~.- ~he finai term expresses the deformation 
brought about by t~e viscous flpw of the material modified 
b y the rate of loading. 

This equation for the deformation of hi gh polymers is 
only a first ap~roxima t ion. Other expressions have been de­
velo p ed, based on thermodynamics, which involve considera­
tions of crystalli2ation pheno mena. It is expected that fur­
ther developments in the interpret a tion of mechanical b ehav­
ior of h i g h polymers will materi a ll y contribute to a better 
understanding of glue line phenomena. 

2. Effect of Thickness of Glue Line on Strength 

a. Experimental evidence.- An investigation of several 
adhesives for wood by Poletika (reference 37) reveals that 
joint strength is inversely proportional to the thickness of 
the glue line. 

Glue layer Number Average shear Average wood 
thickness of st rength failure 

(in. ) samples (p s i) (percent) 

0.002 5 1500 37 
.003 5 1330 40 
.004 11 1450 25 
.005 17 1410 22 
.006 6 1340 21 
.007 7 1150 29 
.008 8 1100 19 
.009 10 1180 11 
.010 9 1200 9 
.011 6 900 12 
.012 7 940 11 
.013 7 920 6 
.014 4 840 4 
.015 5 850 4 
.016 3 670 5 
.017 '4 790 3 
.018 4 480 2 
.019 2 560 5 
.020 1 520 3 

However, starved joint formation will occur if too little 
adhesive is applied to porous surfaces and would result in 
a weak joint because of lack of film continuity. 
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~i rn iJ.a;r :rel;ati orr ·.ship's ,.Jere; tou p.d by . Cr·~'\!··: ( r:, e ·fere~:ce . 38) 
in a study ;of s·of.t· s'oildered Join· t~. '· ~~ . f"ound t . ~llat, b.,y .' making 
t{le fil1jl. very · th;i.n, Joint .- s·tr 'en gths' a s high as 11 tons . per 
square i n ch were obtain·able . This v a lue is sev,eral times : the 
tensile stren g t h of the '· solder :. ;·· ' .: ~ : :..: ;. ,, : ~ ". '. . . 

. · ·; b. '·Probability of ·flaws.": ' Ther ~ lktioh '&hip between ' aver­
age , stren g th a nd rod . ot fibe~ ' len gth h~s be~n discu~sed by 
P e i r c e (r e, fer en c e 4 O). for c' ott 0 n, Bell ins on ' ( ref ere nee 4 1 ) 
for rayon, and Anderegg (reference 42) for glass. If a fiber 
10 inoh ea in len gth is' broken, the rupture will occur ~t the 
weak e st spot. If a.nother fiber exactly like the first is 
divided into ten l-inch lengths and each of these i .sbroken, 
a range . of breaking lo a d s will be 0'0 t a i ned, the 1 owe s t '0 e i n g 
equal ho the one obtained on the ~ir . st . fiber . Thus , the 
s·h 0 r te-r .- the s pee i men the l 'e s s 'N' ~ 11 '0 e t he p ro '0 ab iIi t Y t hat i t 
will . c onta in the weakest s p ot . This same analog~ can be ap­
pli~d to glue d joint s ; the-av~ra~e strengt h, of . 10 thin ones 
should be greater th an that of on e ten times as t h ic k . 

Tot e s t t his a ss u m p t ion, B ike r man Cr e fer en c e 39) pre -
. pared jo.ints>·'oet'oJeen 'brass bloc.k s and steel ·c'y linders with 
paraffin wax. He controil~d th~ thickness of the wax film 
i n ea ch joint so tha t .10.0. jOint-s" we.re . obtained hav i ng thick­
nesses of approxifuitelj 57 ~ and 40 of ap proxi ma tel y 540 ~. 
The operat i ona l J v a ri ab les wer e min i mized ~y preparin g 10 thin 
joints and 4 t h ic k . j o ints . in 1 0 su cces s ive group s. The ten7 
s il e load was ' a~pi i ed by suspen6 in g ~!am .wei ght s fr om the 
s ampLea~ . ·The ' i ~ ~ults of the se test5 . ar ~ a s follows: 

. , ' .. 
Str engt~ o f Pa r a~f in Wax Join t s 

j". ' .' 

. . ; ..... : 

G,ro.:u,p ' O-I ";" . '5 7 }.J. . •. '. . .' 5-4'O~ 
I, 

' .----. ~-.. -. _L1y(,./ em 2) - ± '-., 
_s-=p_.~_. e_~_· _I!i_e_n_s·_._-+-_·_iAax.~ml1m · .--1: Mean I rHn imum~ _ --M7'a~ 

1 
. 2. 
' 3 " 

' 4 

5. 
6' 

7 
8 
9 

10 

Averag e 

I' 35.0 

I 35 -.. 0 .-;" 
32 . 0 .: 
31 .0 
25 .:5 
3 2 .0 
.28 .0 
29.5 
28 . ,5 .. ') 
29.5" . 

3 0 . 6 

27.5 
29 .5 
26 .0 
25.0 
22 .0 
24. 5 
22.5 
23. 5 
23.0 
22".5 

24.6 

18.0 17.5 
20 . 0 1 5.5 ' .'. 
20.5 16.5 ' 
1 8 . 5 1 4 . 5 
1 7.0 13 .0 
19 . 5 1 8 .0 
1 4.5 1 3 . 0 
20 . 5 13.0 
16.5 14 . 5 
17.0 1 3 . 0 

1 8 .2 0 14.85 
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The av~rage valu~ o~tained ' for the thin joints compares 
with the value of 1? ki~6g~ams per squar~ p~ntimeter for par­
affin to brass obtained by McBain , and Lee. (See reference 
14.) The tensile strength of paraffin measured by . 
Konstantinova (reference 43) is 7.45 kilograms per square 
centimeter and for join:ts' thinner ,th'an 0.01 millimeter, 14.8 
kilograms per square centimeter. McBain and Lee obtained 
the follpwing values f~r varying thicknesses of shellac 
joints; these show similar relationships to Bikerman 1s values: 

. " Strength of Joints 
(kf!..lcm2 J 

Ratio 
Joint Thin 

57 \..L 

T~ick thin/thick 

Al : shell a c:Al 
Ni :shellac : Al 
Brass : p a raffin;steel 

145 .. 0 
190.0 

24.6 

540 \..L 

75.0 
110.0 
14.8 

1. 93 
1.73 . 
1.67' 

Bikerman analyzed his data by means of a sim~le ap~lica­
tion of probability theory ,as follows: 

Let m = nu mber of specimens of length 1 
n = number of specimens . of length l/n 

If it is · a ssumed that · the probability of finding a weak spot 
is a function of length, one in n of the thin joints will 
contain the weak spot which would h a ve caused the failure of 
the thick joint. The tensile stren gth of t h is joint would 
accordi n gly be identical with that of the thick joint. If 
this reasoning is corr e ct, t h e low values in eac h batch of 
the paraffin joints of 57 \..L thickness should not differ sig­
nifican tly from the average values of those of 540 \..L thick­
ness . 

Th e difference bet\.reen "the low valu.es of the thin joints 
and the averag e val u es of , the ' t h ic k joints. was found to be 
significant, but the probab~lit y theor y ~cpounts for ap p rox­
imately two-thirds of the ~i 'fference in stren gth . This is 
shown as follows: 

Let m = number 'of values 
t = 'a 'measure of ,t h e si gnific a.nce of ·the differ e nce 
x 1 'X a 'X 3 •••• x IO = the differences in the same group 

between t h e minimum val u es of 
the thin joints and the avera g e 
v a lues of th e t h ick joints 
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a n d x = the differe n ce between the total averages for 
the minimum values of th~ thin joints and the 
average values of t ,he thick . joints 

Then m = 10 
= - = x 18.20 14.85 3 . 35 . . [ . 2 '( x2-:-:x) 2 

2T.l. and t = x J m ( m-l ) / (x 1 - X ) + + .... + (x1o-x) ., 

5.1 ..J = 
, 

Since, when m = 10, only one value pf t in 100 will exceed 
a.25 by chance, the differenc~ ' between the low values fbr t h e 
thin joints and the aver a ge values of the t h ick joints i~ 
significant. The discr epancy between these values is ex~ 
plained by Bikerman as due to crystallization . differencesin 
t h e t h i ck and thin sections of wax. 

c. Sur~ace smoothness. - In order to obtain a str on g 
joint , a smooth s u rface is more desira b le than a roughened 
one, inasmuch as the depressions in the ' rou g hened one must be 
filled in addition .fo t he gap between the t wo surfaces. Fur­
thermore , if the surface is deeply scored, t h ere i~ always a 
possibility that air bubbles will b e trap~ed in t h e glue li ne . 

. The existence of such uoints of .. interfaci a l discontinuity will 

. cause high concentrati ;~ s of stresses . in t he ir vicinity which 
will result in uremature failure ' of the en t ir e bond when ex­
ternal loads are ap p lied. 

~ _E_:U e c t , of cur i n l<. (" 0 n d i t ~ n B-E. . - \vh e nat her m 0 set tin g 
resin ad.ueslve is Il se d, ,) i't is , .. l!u.!old in th e joint \'l ith pressure 
a n d very frequently wi th heat. T h us, it reac h es a n equilib­
rium state under an abo n rma l set of conditi ons. Wh en the 
pressure and heat are r e+ eased , the resin ha s a tend e ncy to 
re a ch an equilibrium ~t a low~r p ressu re and te mp eratur e , bu t 
i s r e strained by its b o~ d to ' two s urfaces. Th is : resu lts in a 
s t r e ss at the glue li ne. If t h e glue lin e i s v e r y t h in, 
t he se stresses will b e ve ry small with resp e c t to t he bond 
s t r e ngth and the g lu e d joi n t will be able t o sup port much 
hi gher loads. Si mil a r s t r e sses a r e s e t u p i n a dh e siv e films 
wh ich are formed b y evap or a tion of solvent. 

3. Problem of Thermal ~xpansion Differences 

Inorganic material s such as g lass and metals a re ch a rac­
te.rized by relativel y 1 0 1'.1' coefficie.nts of thermal expansion; 
wh ereas organic materials in g eneral have hi g h therm a l expan­
sion coefficients. Hence, stresses are developed in joints 
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pr~pared with these two types of materials when the tem~era­
ture diff~rs appreciably from that at whiCh the bond was 
formed. If thi mol~cular cohesion of one of the materials is 
sufficiently low, the ·stresses developed at the g lue line can 
be relieved by flow. Howeyer, such mate rials usually undergo 

.excessive flow at temperatures above the s~ftening point and 
have poor bond strength~. For materia19 which have high mo­
lecular cohesion and hence undergo very little flow, such as 
the thermosetting r es ins or most mato rials at low tempera­
tures, the stresses developed Qe cause of different thermal 
expansion coeffici ents are not readily relieved by molecular 
flow. 

For the latter ty~e of material it is n e cessary to add 
an ingredient to the adhesive to adjust its thermal expansion 
coefficient to approximately ,hat of the adhe rend. Investi­
gations at the National 3ureau of Standards (reference 44) 
have shown that :this can ·be achieved by the addition of inor­
ganic powdered materials to tho adhosives. This may be illus­
trated by the adjustient of the thermal expansion coefficient 
of polystyrene to that of b~~ss. 

Pure polyst~rene has a thermal expansion of 70 x 10-6/oC; 
w her e as · t hat 0 f bra s s i ,s 1 7 x 1 0- 6 / ° c . ~J hen bra s sin s e r t s 
are placed in · pure polystyrene, very small c hanges in temper­
ature cau~e the plastic to crack and beco me detached from the · 
metal. If 11 percent aluminum oxide,' having an expansion co­
efficient of 8.7 x 10-6jOC, is added to the polystyrene , 
crackin g does noi occur o~er a wide temperature range and the 
bond re main s intact. . 

. ., 
This same principle is f~e~uently emplo ye d in . the use of 

c a rbo n bla c k in rigid adhesi~Bs: Carbon has a very low expan­
sion c.oefficient (5.4 x 10- 6 ). When 10 percent ,is added to 
phenol-formaldehyde resi n , the coefficient of expans ion is 
20 percent less than that of the pure r es in. ~quat .ions for 
calculating the composition ~f adhesive mixtures requir ed to 
obtain a desired thermal expa~sion coefficient ar~ given in 
references 44 and 45. 

B. TEST METHODS FOR ~OND STRENGTHS 

Comparatively little work has been done on the develop­
ment and standardization of testing metho ds for d etermin ing 
the funda~ental ·physical properties ·of ~d6esive ly bonded 
joints. The American Soci ety for Testi~g Materials has 
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r e c ent l , ' or gari ized Committee D~14 on Adh~slves , to formulate 
methods of tests pe rtai ning to adhesiv es. Th e coo perat ive 
efforts o f the members of this co mm i ttee should contribute 
t o a ,b ette r underst'an di ng of the problems involved in t e st­
ing a dhes iv e l y bonded joints and sh ould provide a basis for 
obtaini ng uniform te st data for bonds for med between t he 
ma ny 'available varieties of a dhesives and a dherends. 

So me of the testing methods ... ,h ic n have ' been used or pro ­
posed for the determination of bond strengths will be bri e fl y 
reviewed to complete this sur~ey on adhesives a n d a dh e'sion. 

1. Tens il e Strengt h 

A me thod for the determination o~ the tensile s t rength 
of g lued joints 'based on expe ri menta l work at th~ Be ll , 
Telephone Lab or aturies (reference 46 ) has been p r epa r e d for 
c onsi d e r at i on by t~e Sub committee on Strength Properties of 
A.S . T . M. Committ e e D-14 on Adhe sives. Th is me thod provides) 
for the type of specimen shown in fi gure 6 and spec i fies th'at 
se l f - alining , grips shall be e mp lo yed in order t o assure 
load in g , exa ctl y , no r mal to the glued surfa c e s. ,' 

2 . Sh ear Tests 

In the test i ng of g lueQ joints in shear it is very dif ­
ficult t o a t ta i n Dure ' s Lea r conditions . A varie ty of methods 
have been p roposed fo r th~ determination of th is propert y . 
The b l ock shear joi nt test an d t h e plywood join t test a re 
curr ent ly used in Ar my - Navy Aeronauti c a l spec i fications. · 
These !an d other proposed shear tests f or glued joints a re ' in­
clude~ ,' i n the fo llowi ng , su mmat y of su c h tests . 

. ;'} 

.e...:....:..Bloekshea:r (reference 47).- The block shear te st 1s 
the·method 'most widely ,used for evaluat i ng the bonding 
strength of adhesives to 'wood . Tbe spe ci~en and ihea rin g 
t oo l a re shown in figure 7 . The specim~n is broken by the 
a p p 1 i c a ti 0 n ' 0 f a c orn p re s s i vel 0 a d. 

b . Plywuod,'~hea~ (~eference 47). - T~e plywo~d sh~ar tes t 
spe cimen consis-t s .of a three - p ly woo d l aminate 'th ' \'Ihich the 
grai n o f the ,ce,nte,r ' p l y is: at ri'ght ' an.e; l es to the'two rac e ' .. 
p lies. , The spe ci me n is prepared by in illi ng a gr 'oove two - tb~rds , 
through the core on ea cb of the face p li es . The spe ci men ' i ~ 
broken under a tensile load in spe cial g rips as sbo n i n fig ­
ure 8 . 
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c. Single l a p j o int shea~ (re~erence 4 8) .- The single 
l ap joint specim~n h~s b~ ~n ~id~ly . u·s ed for the measu r ement 
o fa d h e s i on t 0 in eta 1 s ~ :' T 11 e ' s p e c i m's n i s b r 0 ken unde r ate n­
sile load . Standard ~ti~~ ~o~ · tensi ~ e spe ci mens are used • . 
The specimen is Bhown ' in ~ ~i~~fe 9 • . 

" 

!i. Double l ap joint · : s h9.~r (refer en c e "48) .' - The d oub le 
lap joint speci men was 'd~v~loped 'for the p u rpose of ove rco m­
i ng the unequal distribution .of , '. tresses enc ountered in the 
sin g le lap joint specimen, and .· i s broken in the same manner. 
The , spec i men is stotoJ'n in figu.r ,e 9. 

e. Scarf joint s h ear (reference 48 ).- The scarf joint 
speci men is difficult to prepa r e , but the sheari ng stresses 
developed i n the glue line a re more uniform than for any 
other type of shear test. If the two adherends are of equal 
modulus, the single sc arf jdint is adequate . For materials 
of unequal modu l us , however, it is necessary that the angle 
t ape r of each be pro~o rti ona l to its modulus, thus ne cessi­
t a tin g a double s c a rf jo int. These joints are illust r ated 
i n fi gu r e 9. The spe ci rr.ens are broken under a tensile load. 

f. Cylindrical si ngle shear (reference 14) .- The c y lin­
dric a l si ng le shear test wa s used b y Mc Ba i n to reduce the 
amount of wood f ailure in the glu e line. The gr ips and spe c­
i men are s hown i n fi gure 10 . By me a ns of a s pe cial ad just­
ment it is poss ibl e to var~ the ~n gle 6 shown in the f i g ­
ure. I t 11a8 found tb at t!"8 most r ep r odu cibl e values IJe:re ... " 
obtained when 6 = 60~ T he specimen is broken under a co m­
pressive load. 

~ohnson dOll 'b l e shear.- The J ohnson shear test is pe r­
formed ·", i .th :the specirr.ens an cl sh e a ring teol shown in figure . 
11. , I t", c ·on.?ists i n rigidly cl arr.p in g the outer sections of 
the spe~i ~en in the shearin g to o l and applyi ng a c ompre s sive 
load upon the shear memb~r which appl ie s a n even ly distrib­
u ted. l oad to the c ent ral no~tion of the specimen. It is nec­
essary ~hat the two glue i i ~e s be accurat~ly placed i n the 
shearing p l anes of the: i nstrdment ; thu s Very careful machin­
i ng of the specimen is req~ired for r eproducible values . 

The cylindrical double she ar test use d by 
ence 14) is s imi-lar ·to the Johnson shear test . 
difference is thnt the cylindrical speci~en is 
t ensile load. The g fi ps and speci~en for this 
i n f~gure 12. 

McBain (r e·fe·r­
T h 9 e s s e·n t i a:1. 

b r oken by a ., 
test are shown, 

h. DiscQssi ono f ~hear tests .• Each of these tests has 

j 
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disadvantages; some give poor reproducibility and ot h ers re­
quire a high de gree of accurac y in ma chini n g. The reasons 
for poor reproducibility may be illustrated by cop$idering 
the single lap joint s p eci men. It ha s b~eri ~ho~~ , i~efer~nce 
49) that stres"ses a p n li ed to such a s pe ci c1en', are h 'ot equ a lly 
distributed over the e ntir e glu e lin e , out are concentrat e d 
n e ar the end~ of the overlap. This is illusttated in fi gure 
13. 

This unequal stressi ng is due to the sh~~~ ~f the test 
,piece rather t h an t h e mean s 10r applying the load. A g~ven 
loa d will b e con C e n t rat e d e xc e s s i vel y at the, e n.d s 0 f : e a c h ' 
member on the overlap an d ver y ~ l i ghtly _ on :the exact cent e r 
of the glued area. T h e ' r e s u,l t ' will b e a p a rtial shear 'f.ail­
ure and a parti a l peeli ng action . Th e s h ear ialue obtain~d 

, in this wa y will , not be directly prop ortio n ~l to th~ area of 
the overlap , brit~ill ' r~ a c h a maximu m val u e after which In­
creasin g the area ,will ~ ot chan g e th e she ~ r valu~. 

De Bruyne has found, however, that by t~perin~ th e ends 
of the overlapp e d s e ct~o n ~s ', t 'he ' shear val u, e will bec'ome pro­
po~tional to the i~e~ . , ~ 'com~arison of' shea~ bre a kin g loa ds 
obt a ined by these' t~o methods is prese n ted in fi gure 14 . 

, , 
. -, , 

It is shown in £i gure 9 that a similar m odifica ~ ionof 
the double lap join t eliminates eve n m,ore, of :the , distor,tfonal 
error . 

. S'hear meth od. s b a sed on torsion, hav:e not b,een invs"sti-
'-, .. 

gated to any ext' e,nt. " These met-hods , 'a r ,.e " p.lso hampered b y the 
problem of nonunifor m, stres~ distribu tion over the entire 
glued area . A ri g orous c on sidera~ipr ef , the sti e ss p roblem~ 
in shear tes~in g has been presented b i G91and a h d ' Reissner 

' (reference 50) , and also b y Rear mon (reference 51). ,, ' 

Nationil .'~urBau ~f Standards, 
·'Wa'shin'g ton, D . C, ." F e bru$.ry 23, ,;1:94'5. , 

, ; 
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Converter (Paper and Board), vol. l~, no. 5, 1941, pp. 
2 - 3 . C. A" vol ·. 3 f, . no .. ': 4 , . 1943, . -p. 1. 05-5 . 

5. Mullen, J. W., and Pascu', E. ·: Sta·rch Stud'ies. Possible 
Industrial Utilization of St 'arch , Esters .. Ind. Eng . 
Chem., . vol . . 35 , ·1943, pp. ~8l-394. C . A,., vol. 37, 
no. 9, 1943, :p o 2606 . , 

6. Killinger, J. E .: Lam~nation of Weatherproof Solid Fiber­
boa2'd with Starch ·and R~sin Adhesives. : Paper Trade 
Jour . ~ vol. 117, po. 19, ~943, pp. 25-30. C. A., vol. 
38, no. 6, 1944, p. 1360. 

m. Urea and Melam ine Resins: 

1. P~rry, T. D.: Resin Bonds for Plywood Box Shook. Wood 
Products, vol. 45, no. 12, 19~O, pp. 35-37. C. A., 
vol. 35, no. 3, 1941, p. 822. 

2. Hod gins , T. S., a~d Hovey, A. G.: Urea-Formaldehyde Film­
Forming Compos itions. Air-Drying Films by Acid Catalysts. 
Ind . ' Eng. Chem., vol. 33, 1941, pp. 512-515. C. A., vol. 
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Vol. 38, no . 12, 1944 , p. 3045. 

, ,-
" t 
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11. Beacher, C.: Adhesive Materials fr 'om S'u1ffte Waste Liquors. 
Seifensieder-.Ztg., 'vol'. 69,1942, 'p'p. 355-356. 
C. A., vol. 38, no. 14, ' 1944, p. 374'8. 

o. Vinyl Res~ns: 

1. Light, L.: . Polymerization of ' Maleic Esters. Paint Manuf., 
vol: 10, 1940, p. 243. C. A., vol. 35, no. 3, 1941, 
p. 822. 

2. Paselli, P.: Polyvinyl Chloride Pastes. Materie P1astica, 
vol. 7, 1940, pp. 97"':107. C. A., vol. 35, nq~ 21, 1941, 
p. 7577. 

3. Lombardo, G.: Some Hints ~egarding Viny,l Emulsions. 
Nit~ocellulos~, vol. 13, 1942, p. 112. C. A., vol. 37, 
no. 19, 1943,, 'p. 58'02. ' 

2. : P 'atents 

a. Phenolic Resins. 

1.Cresol - Formaldehyde 
'U nit e d S t at e s : 2 , 232, 718; 2 , 271 , 744 • 

2.Phenol - Formaldehyde 
United States: 2,186,,369: 2,218,373; 2,229,357; 

2,,267, 390;. 2,287,536; 2,304,263; ' '2,3,09,610; 
2,314,076; 2, ,31,7,364'; 2,319,142,. 

British: 532,716; . 540,404: 544,845. , 
" , , : t I. 

,) 

German: 699,6Q5; 719,. 69~;!,, 7.~5J499;. 725",950. 

3. Resorc~nol ,- Forma1dehide , !" 

United States: 2,3]:4',996. 

b. 0 r g ani c N ft.!' 0 gen' It e sins: 

1. A1kylolcyanamide 
United States: ?,300,57,0. , 

2. Alkylo1guall-idine . ::' ,: 
United States: 2,298,473. 
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~ 3. Eisthioamme1ine po1yalkylene ether 
United States: 2,325,105. 

Bri t ish: 546,373. 

4. Ethylene I~ine 

German: 729,248. 

German: 721,240 . 

.; , I -:. i . 

6. Superpulyamides 
United States: 2,224,037; 2,281,415; 2,296,555. 

German: 721,187. 

7. Urea - Formaldehyde 
United Stat e s: 2,180,547: 2,190,239: 2,192,585; .' 

2,193,630; 2,203,501; 2,223,536; 2',247,764; 
2,275,821; 2,283,740; 2,287,756; 2,290,9~6; . 

2,303,982: 2,304,600; 2 , 306,057; 2 ',312,210; 
2,314,308; 2,315,776: 2,320,301. 

65 

British: 512,659; 516,915; 521,653; 531,356: ,536' .493; 
)545, ,409, • . ,:: 

Frencp.': ,. , 851 ', ,404:. 

German: 

c ',', , , • " :' 

United States: 2,194,013; 2,202,765; 2,215,219; 
2,224,035; 2,230,230; 2,252,39 3; 2,280,256; 2,288,315. .' .. ' : . 

British: 544,057; 547,328. . . ~', ~ 

d. Furane Resin 's: 

1. Furfuryl Alcohol - Formaldehyde 
Un i ted S tat e s : 2, 306 , 924 . 

2. Furfur~l ' S~il~~ t e ' 
United States: '2,30'0,81 '2 
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e. Polymerization Restns: 

1. Acrylic Polymers 

a. Acrylic Acid Esters 
United States: 2,214,158; 2,221,367; 2,280,981. 

German: 575,327; 705,520. 

b. Methacrylic Acid Esters 
United States: 2,199,597; 2,231,471; 2,268,611; 

2,280,981, 2,281,589. 

German: 697,083; 705,329. 

2. Ethylene Polymers 
United States: 2,219,684; 2,263,249. 

British: 54_4,359. 

3. Styrene Polymers 
United States: 2,276,478. 

British: 582,553. 

German: 698,656. 

4. Vinyl Acetal Po1yme-r s __ 
Un i ted S tat e s : ·2 , 1 9 7 , 4 20 ; 2, 200 , 9 6 9; 2 , 205 ,- 02'0 ; 

2,213,751; 2,222,490; 2,227,983; 2,232,806; 
2,233,941; - 2-,240,027; 2,274,672; 2,279,1:45; -
2,279,901; 2,317,891; 2,327,652. 

British: 525,556. 

Can ad i an : 3 9 7 , 2:5'0; -39 7 , 4 7 6 . 

German: 690,332. 

5. Vi nyl Al c ohol Po lymet s'-: 
Uniteu States -: 2 -,2-34,829; 2,242,019. 

German: 704,462. 

6. Vinyl Ester Pol y mers 
United States: 2,168,220; 2,209,4;35; 2,219,433; 

2,259,490; 2,319,826; - Z?38Z -,-O,}8. 

", _ ; • 1 I:.: 
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Australian ; 108,199. 
-:. _ .. 

British: 510,826; 511,996; 512,478; 542,658; 542,964. 

German:, 687, 48b; , .705,520; "731' ,93:2. 

7. Vinyl Ether Po1;yme'r,s ' . . 
United States : 2,300,587. 

French: 849 , 442" 
" , . 

German: 705 , 394 . . ,-' , ' 

8. Vinyl Halide Polymer~ 
United States: 2,261f ;313; 2,300,587: 

French: 845 , 569 . 

German; 698,655 ; ' 713 ,'793. ', 

9. Vinyl Lactam Polymers 
United States: 2!265 , ~50 . 

f. Cellulose Derivatives: 
, . 

1 . Cellulose Esters 
United States: 

2,223,575; 
2,281,483; 
2,325 , 700. 

2,176,837 ; 2,188,395 ; ' 2 , 214,286 ; 
2,234,236: 2 , 258,991; 2 , 263 , 661: 
2,296,891; 2,324,097; 2,324,680; " 

British :, .514:,172. 

Canadian: 395,145; 400,105. 

German: 681 , 322; 707 , 659; 730,306. 

Russian: 52 , 331. 
' J. 

2 . Cellulose Ethers 
Un i ted S tat e s : 2 , 1 71 , 140 ; 2 , 210 , 704; , 2 , 2 24 ~ 523 ;. '. 

2,273,677; 2,285,178; 2;3i9 ,, '834; 2;329,7'4ii ' 
2,330,313. 

~:tit~ ,.sh: ,. 529 '; '993. 
", I ' 

Ca~adi~n: 398,320; 400,643. ' 
. " 

" ' 

. , ; 

. ... "". 
,r 



6 8 NA CA TN No. 9 8 9 

French: 841,836 ; 841,885. 
, " 

German: 71"6 , 2 21: 735 , 8 64 . 
, " 

g. Ca rbohydrates (Except Cellulose Derivatives) 

1. Dextrins 
United States: 2,172,357; 2,174,541; 2,181,782: 

2 , 18 8 , 09 9: 2 , 1 9 0 , 37 2 ; 2, 204 , 3 84; 2 , 21 0 , 119 ; 
2,241 ,7 00; 2,287,599; 2,303,791; 2,304,730. 

2. Gums 
United States: 

3. Starches 
United States: 

2 ,215,847; 
2, 222,873; 
2,258,741; 
2 , 321,072. 

2 ,220,988; 2,319,102. 

2,194,216; 2,202,678; 2,212,557; 
2,215,849; 2,221,484; 2,222,872; 
2,222,874: 2,222,875; 2,238,767: 
2,275,314; 2,282,364; 2,283,044: 

Bri t ish: 511 , 026; 527,704: 543,432: 543,433. 

Can a dian: 403,788 . 

French: 852,825; 852,82 6 ; :852,827. 

German: 719,568. 

h. Protei n s: 

1. Animal Glue 
United States: 

2,214,231; 
2,265,144 ; 
2,323,831. 

2, 170, 273 ,; 2, 176, 038; 2, 182,425; 
2,226,553; 2,235,202; 2,246,405; 
2,282,177; 2,30 8 ,185: 2,320,087: 

British: 5 0 5,86 8 . 

Canadi a n: 39 4,97A; " 413, 99 5. 

German: 700',759 '. ' 

2. Blood Alb um in 
Un ited St at es : 

3. Casein 

2,180,54 2; 2,307,198. 

United States: 2,180,542; 2,18 0 , 543; 2,182,357: 
2,197,16 8 ; 2,300,907; 2,302,378; 2,330,428; 
2,332,51 9 ; 2,334,27 0 . 
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Australian: 110,458. 

Britis~: 5,31, ,084,;. ,540,326; q43,302; 543,325. 

4. Chitin 
United States: 2 .. 201,762. 

German: 716,428. , 

5 : .',~ ~eed Meal , 
United States: ',2.,174,438; 2,233,213; 2,24,3' ,'871; 

2,297,340; 2,312,056; 2,332,801. 

6. Soybean 
United States: 

2,274,983; 
2,178,566; 2,260,640; 2,271,620; 

2,284,700. 

Japan e se: 134,071, 134,130. 

7. Ze in 
United States: 2,229,028; 2,250,040. 

Canadian: 406,768. 

German: 716,. ~HQ, 

i. Rubbers: 

1. Butadiene Polymers 
United States: 2,265,722; 2,273,880. 

Ru S s.i an: · 5-3 , ,4D2. , . , , . . 

2. Chloroprene 
United, St'a,tes :: ~ .I-:2 , , ' 2;12,,61~; " 2 ,,286,505 ',; 

2,328,351. 
2 ,.3-Cj'O, 352'; 

\ ' 

"..1. '. 

3. Cyclized Rubber . 
United States: 2,300,368. 

: ,~ 

4. Halogenated Rubber 
United St~tes; . 2,234 , 621; 13 .,259;190. 

British: 524,070. 

5. Isobutylene Po1y~e~~ ~ , ',.', '. 
United States: 2,213,331; 

French: 849,983. 

, . , 

, , 

2,226,589; 2,319,959 . 
. . i 

69 
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6. Natural Rubber 
United States: 2,203,677; 2,209,451; 2,226,93$; 

2,232,791; 2,240,862; '2 ,254,321; ' 2,256,194; ' , 
2,257,083; 2,259,350; 2,263,305; 2,269,660; 
2,277,992; 2,278,355; 2,278,609; 2,279,1).,0; 
2,281,087; 2,284,947; 2,297,837; 2,295,866; ... ' 
2,297,871; 2,300 , 592j 2,304,678j 2,310,972; 
2,311,301; 2,318,126; 2,335,104 '. 

British: 514,037; 517,816; 521,108; 521,401; 522,057: 
523,152; 531;203 ; 533,630; 542,331 , 547,841; 551,398. 

Canadian: 391,000; 393,229; 393,230; 400,442; 407,.463; 
409 , 651; 415,026; 415,030 . 

Dutch: 49,687. 

French : 844 ,3 67. 

Russian : 54,276; 57,435. 

Swiss: 213,019. 

7. Phenol - Formaldehyde Modified Rubber 
United States: 2,314,997; 2,343,551. 

British: 530,697; 544,944. 

Canadian: 415,029. 
1 ' 

8. Neoprene 
United States: 

. , . ' 

2 , 1 9 6 , 6 0 2 ; 2 , 226 , 54'1 -; 2' , 3 13 " 0 39 . 

9. Rubber Hydrochloride " 
United States: '2,114,6"73; 2,218,617; ;2, - 3.20 ',7~,6._ 

10. Sulfide Polymers 
United States: 2,206,643; 2,252,366. ,,_ 

German: 707,438j 709,691. 

j. Miscellaneous'Natural Organic Products: 

• ..' I 

1. Asphalt . ' -, 
United States: 2,175,767; 2,280,65~ ,; _ 2,283,937; 

2,28~' ,~14; ,, 2!Z90,833; 2~322~8~ ,6. ::' : ,', 

British : 533,927. 

Canadian: 405,350. 

I ' 

- i 



2 . Bi tum i n s 
Un it ed St ate s: 8 ,280,6 9 9. 

B r iti sh : 5 1 9 ,11 9 ; ,51 9 , '463; 53,8 ,1 05. 

Fre n c ' . : 84 7,74 9 ; 8 47, 8 29; 8 50,940. 

3. F a t ty Acid Sa l t s 
Un i t3d Stat e s: 2,284,570. 

Canadian : 415,38 3. 

Ger man : 6 94 ,1 58 . 

Japan e s e: 1 2 8 ,323 ; 129,852. 

4 . L e ci t h in 
::2 ri t i sh : 5 2 5,250 . 

5 Pi t c h es 
Un i te s St a tes: 2,208 ,580; ~,218,335; 2,288,293 . 

533,546. Bri t ish : 

German : 736, 8 74. 

Ru s s ia n : 5 4 , 5 1 8 ; 5 5 ,150. 
, '. " 

6. R o si n :ri:ste r s 
Un i te d S tat e s: . . 2 ~ 17 9 , 33 9 ~ . ·2 '; 2:23. 086} .' 2 , 285 ·, 416 ; 

2 ,3 0 7, 8 01; 2 ,31 9 ,271. 
~ i . . ." j • J . ~ 

~ , .J 
. ,. . r ';' l • I :~ 

Germa n: 71 0 ,3 24 . 

Rus s i an : 5 5 , 6 70 . 
. ,-

7. Wo od Wa st e De riva t ives 
.' 

Unit ed St a tes: 2,294,666; 2,319,883. 

8. Wa xes 
Ger man: : 702;740; . 704~088; .' '104,754; :: 

• ~ ' .. r ' 
I • -, 

. Swiss: 2 09,.644 . '., " 

. i ',. ", . 

.. ' " . r 
• .' • t . .i. . ~ '.' I: 

. , t'" .i.. f ., ';; .: ;. "': . ~ ' ,I ',,' . ~. ' . 
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k, Inorganic Substances: 

1. Boron Compounds 
United States: · 2,ZI9,583; 2,Z23,349; ·Z,231,718. 

Canadian : 390.041~ 

2. Phosphorus Compounds 
British: 521,694. 

3. Silico n Compounds 
United States : 2,215 , 048 ; 2,23 9 ,35 8 ; 2,261,784; 

2,278,345 ; 2,285,053 ; 2,287,410. 

Belgian: 440 ·, 870. 

British: 526,462; 529,593; 542,655; 552,143 . . 

German: 688,575; 698,389; 701,503. 

3 . Aircraft Manufacturers' Reports 

a. Allied Aviation Corp.! Cockeysville, Md. 

1. Tests on Thermosetting Adhesives for Rubber Bag Oooking. 

2. Test Program for Durez Resin 11814. 

3. Shear Block Tes~s - Oascophen Resins. 

4. Tests of Cast Durez Resin. 

5. Tests for Special Assembly Using Cold Setti ng Durez 11814. 

6. Shear Blo c k Tests Using Cold Setting DuPont Adhesive 
J460 0 X 5100. 

7. Test on Me1mac 401. 

8. Shear Block Tests on 8 Miscellaneous Adhesives. 

9. Shear Block Tests on Durez 11814 with Catalyst 7422. 

10. Comparison of Various Percentages of 10. 7422 Acce1erator­
Durez 12041. 

11. Shear Block Tests Using Durez Resin 12041. 

lZ. Reports and Graphs on Miscellaneous and Sundry Tests . 
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By R. C. Rinker and G. M. Klin e 

August 1945 

Insert the heading 

IlBoeing Airplane Co. , Seattle , Washinl?ton" 
i 

l'wet wee xy\report sAW ~ 
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b. Beech Aircraft Cor~ . .-Jiichita 1, Kansas: 
, .I ~ 

1. Resin Glu~ , Specification for Wopd Gluing . 

2. Cementing Similar and Dissi milar Materials - Sealers, 
Non-Skid Walkway and Floor Mate~i~l, 

c. Boeing Airplane Co., Wichita, KaQsas~ . . ' 

1. A Comparison of Commercial Rubber Cements for Bond ing 
In~ulatiori -- t~Wood or M~ta1. Rep .. No. ' 841. 

73 

2. Tests on Cascamite Cold-Setting Resin Glue. Rep. No. 6341 . 

3. Gluing to a Glue - Coated Surface - Casein Glue. Rep. No. 
6354. 

4. Hot Press Gluing of Laminated Spars, Scarf Joi nts and Ribs . 
Plaskon 250-~. Rep. No. 6372. 

5. Tests on One - Tenth Inch Laminated Fir Spar Stock. Rep. 
No . 6375. 

6. Fati gue Tests o~ Wood and Glued Wood Assemblies. Rep . No. 
i'lD-l 04 64. 

7. Specification .for Hot Pres's Gluing Spars. Rep. No. i'I'D-Il051. 

' 8:. Gluing of Paper,: ],a,se Phenolic Plast'i c. Rep. No. im-lll Ol. 

9. Specification ~~r Gluin~~aper Bas~ Ph~nolic Plastic. 
Rep. No. WD_lll02 • 

. , 
10. Cement for Bonding Insulation Material to , Metal. ~ep. No. 

WD -III 04. . - . 

11. Amberlite PR~75~; ~Ow Temperature Phepol - F6rmaldehyde Glu~, 
Rep . No. WD-III05. 

12 . Technical Infor mat ion on Adhesives. Rep . No . ' D- 3790 . ' 

13 . Boeing " Pn)cess Specification for Ge n e ral : .A.pplicatl on of ;· 
Cements and Glues, Rep. No, ~AC 5010 . . " 

14 . Boeing Process Specificatio n for Joining and ' r~s~liffng 
Air Ducts. Rep. No. BAC 5403. 

• f" 
. {.\ , . ; ~ 

15. Boe ing Process Specificati on for the Handling <a:hd' Cementing 
of Methy l Methacrylate , Enclos~!es with Syn~h~t~c Rubber 

.! I'-1ciunt ~ings . ' , Rep ,: No :", BAC ':5410. .. ' -: .. 
" : . - ; ..... - . 
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16. Design Manual, Sec. 12.11. 
I • 

Rep. No. D-5000. , ' 
.1 

17. Miscellaneous Tests on Synthetic Resin Adhesives~ Rep. 
No. T-24549. 

d;, Bell Air c r aft Cor p . • ' 205 0 E i m".., 0 0 d A v e..: B u f fa 1 0 7; N. Y . : 

1. Cycle-Welding 24S-T Alclad to Birch. Rep. No. BTR 43-86. 

e. Chapce Vought Aircraft. Stratfo~d! Conn. 
(Division of United Aircraft Corp.) 

1. Rubber Cements - Commercial and Synthetic Bonding Neoprene 
Sh eeting to Aluminum Allo y s. Rep. No. 38. 

2. , Cements - Rubber or Neopr e ne ' to Met~l (Gasoline and Oil 
Re sistant). Specification No. 99. 

3. Wood Gluing; Cold Setting Urea. Specification No. 110. 

4. General Purpose Cement. Specification No. Ill. 

5. Application of Fabric to Metal or Plywood Surfaces. 
Specification 10. 113. 

6. Attachment of Walkways. Specification No. 114. 

f. Consolidated Vu1tee Aircraft Corp .. San Diego 12. Calif.: 

1. Development and Use of Metlb6nd. Rep. No. ZM-223. 

g. Curtiss-Wright Corp .• Louisville. Ky. 

1. Material Substitution at Curtiss-Wright. Rep. No. GI-I04-D2. 

2. Preparation a n d Application of flWeldwood" Plastic Gl'ue. 
Re p. No. L3-12-1 

3. Ceme n tin g Procedure - Antenna Reflec t ors. Rep. No. L-3-12-2. 

4. Acceler a ted Gl u i ng of Sc a rf Inlay s. Rep. No. L-3-12-3. 

5. Ceme nt in g Flap Seals (CE 100 03) to Fiap ' Closures. Rep. No. 
1-3-12-4. 

6. Cementin g of Ga p Closures on C~76 Airplanes. Rep. No. 
L-3-12-5. 

7. Shop Procedure for the Use of Infra Red 
Glue Bonds. Rep. No. L-3-~2-6. 

.. 
Heat Lamps in Curing 
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z 8. Haskelite Moulded Part Using Dry-Film Glue. Rep. No . 
1-43-6. 

9. Accelerate~ Curipg of Plaskon 250-2 Glue. Rep. No. 1 -43 -1 4. 

10. Glue Bonds Floor and Side of Ship No.7 . Rep . No. 1 - 43-25. 

11. Comparison of Elastic Cements. Rep. No. 1-43~35. 

12. U.S. Rubber Co., No. 355 Cement. Rep. No . 1-43-36. 

13. Cold Setting National 1iquid Resin Glue. Rep. No. 1-43-61. 

14. Bakelite Urea Resin with Catalyst. Rep . No. 1-43-64. 

15. Investigation of 1auxite 77-X. Rep. No. 1 - 43-69. 

16. Plaskon Resin Glue 201 and 250-2. Rep. No . 1 -43~76. 

17. Cascamite Urea Resin Glues. Rep. No . 1-43-71. 

18. M and MT Miracle Adhesives. Rep. No . 1~43-77. 
. ' . 

19. Fairpreen Caulking Compound and Cement. Rep. No. 1-43-81. 

20. Uformite Resin Adhesives CS-55l and 552. Rep. No . 1-43-82. 

21. La Pages Panite Plastic Resin Glue. R~p. No. 1-43-84. 
, : 

22. Perkins Resin Glue. Rep. t{ 0 . 1-43-87 . 
.' , 

23. Glue Film Thickness on pH. Rep. No. 1-43-88. 

24. U;formite Resin Glue No. 500. Rep. no: 1-43-90. 

25. Uformite Resin . Glu~ No; 430. Rep. No. 1-43-92. 

26. Hot Press Cascamite 66 with Catlyst H-19. Rep. No. 1~43~96 . 

27. . Hot ' Pre s s Ufo r mite 500 "r i t h Cat 1 y stY . Rep .. No. 1.- 4·3 - 9 7.. . . . 

28. Effect of Drying Time on pH of Glue Film. Rep.' No . 1-43 -1 00. 

29. Riveted Pa~el Reinfo~ced with Thermoset Adhesive. Rep. No. 
~TE - 93- S 1 . .' 

30. Plastics in the P-40 Box. Rep. No. PC-227-Dl. 

31. C-46 Floor. Door. _Re.p. No. PE-127-Dl. 
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32. C-46 Pedestal Control · K~obs. Rep .. No. PE-2l7-Dl . . 
. . I 

33. An Approximate Elastic Solution for the Jointing of Two 
Similar Plates by .Adhesion. Rep. Up", RP3-Sl. 

34. Tests of C-76 Yell.ow Poplar Pl.ywood. Rep • . No. SH-I06-Sl. 

35. Tests of C~76 Yellow. Poplar Plywood. Rep. No . SH-106~S2. 

3 6. The S rri all .,B e n.d i n g. The 0 r y £ 0 r . F 1 a t Lam ina ted P 1 ate s . Rep ' . . 
No. 5S-13. 

37. Static Test of a Plywood Floor Panel. Rep. No. 5S-l4. 

3B. Results Obtained in the Gluing of Compreg. Rep. No. 5S~15. 

39. Acidity of Cold-Setting Urea Resi~ Adhesives. Rep. No . 
5S-l6. 

40. Solubility of Resin Adhesives. Rep. No. 5S-17. 

41. "Free" Water in Urea Resin Adhesives. Rep. No. 58-lB. 

42. Gluing Resin Sealer Coated Wood . Rep. No. 5S-19. 

43. Pro g ress Report OR the Bonding of Aluminum Alloy. Rep. 
No. 5S-20. 

44. Alkaline Contamination of ~esin Glues. Rep. No. 58-21. 

45. Control of Wood Aircraft Manufacture and Inspection. 
Rep. No. 5S-23. 

46. Properties of Artificial Resin Adhesives. Rep. No. 5Sw26. 

47. Effect of Catalyst Proport~on ~pon the Acidity. Rep. No. 
58-2B. 

. . 
4B. The Veneer Orientation for Plywood Plates. Rep . No. 5S~57. 

' . . 
49. A Breliminary Investigation of Lignin and Its Derivative 

Product s . . Rep. No, WA--132-Sl. 

.50. The Effe 'ct of the Bag M6ld.ing Process Upon .the Strength of 
Low Density Plywood. Rep. No. WB-i71-Ml; 

51. Cold Set"tiing ' Phenolic Adhesives· . Rep. No. WE-II-Mg. 

52. Fatigue of Resin Bonded Wood.Jaints. Rep. : WE-II-MIO~ 

" 
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53. Test of Resinox No. 840 (A Melamine Resin Film Adhesive) 
R~p. , No. , ''lE-J,I:..S-l. ' 

54. T est 0 f Res t no x N (j. 841 , (A 'M e 1 ami n eRe sin F i 1 mAd he s i v e ) 
Rep. No. WE-II-S-2. 

< ; 

55. Test of Penacolite, A Cold Setting Resorcinol Adhesive . 
Rep. No . WE - ll-S4 . 

56. Properties of Urea Res i n Adhesives . Rep . No. WE-ll-S - 5. 

57. Properties of Artif i cial Resin Adhesives. Rep . No . 
WE - Il - S-6. 

58: T~st of Du Pont Adhesive No. 4624. Rep. No . WE - II - S-7 . 

59. Test o'f Bakelit'e XCu - 16257 (Hardener XK' 16229). A Craze 
Resistant Urea Resin Adhesive. Rep. No. WE-Il-S-8 . 

60. Setting Rates of Urea Resin Glue~. Rep. ~o . ~E - 15-S1 . 

'61' . Low Temp'er 'atur.e Phen'ol, Formald'e'hyde Adhe ·d.-ves. Rep. No . 
WE-16 - S1 . 

1 ~ .~ ;' . .! ~. 

62. Evaluation of Moder~t~ an~ Low lempe~~tur~ Adhesives , Du 
Pont 4631 - J-85-0025 and Bostik T-46-M {A-300). Rep . 

: No. W:m-18':"~,f6~~ :,; ' ~." . ,~', " 

63. Te st of Resinox lITo. 410 , I'r 0 od to Metal AdhesIve. Rep '. No '. 
WE-18-S1. 

64 . Test of Re simul No. 697 , Wood to t-fe t al Adhes;ive, Rep. No. -
WE-18-S2. 

~ 

~.' r 

65. Bonding of Metal to Wood or Plastic~ ' wi~£ Bosbik Adh~sives. 
Rep. ,no. WE - 18-S3~ 

- . ,. 
66 . C- 76 Stringe r Splice Fitting Bonded with Wood to Metal , , 

Ad h esive. Rep . N0. w> WE _ 18_S4 . ' · \. ,) , , 

67. Tests of du Pont J-4&06-X~5579 Wdod - ~o ' Me~a~ Adhe~ive. 
Rep. No. WE-18 - S5. 

68 . Effect of Glue Layer Thickness on Strength of ~onded ~ood 
J 0 i n t. Rep ., 11' 0 5 .1m] - 1 7 0':" M 2.- :' '. ", ; " .. " 

69. Effect of Low T,e':m~'e' T 'at,'ures' upoh:-'the ' St~ength of Plyw'ood " 
and Laminates. Rep. No. WE-189-MI. 
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70. The Effect of Sa~ding ~irch and Maple ' Su~fa~~s upon the· 
S t r eng tho f the G 1 u e J 0 i n t. Rep. No. WE - 18 5 - S 1 .: 

h. Kellett Aircraft C·orp., ' U1)ner Darby, Fa.': ' 

1. Tests of U.S. Rubber Adhesives and Filler Material . Rep. 
No. 1680.2. ': 

i. Lockheed Aircraft Corp., Eurbank, Cal.: 

1. Tentative Standard Methods of Testing Adhesives. 
Designation ADS-l. ': 

j. Republic . Aviation Corp., Farmingdale, Long Island, N.Y.: 

1. Cements,for ' Aircraft Materials. Rep. No. ERT 452 . 
. - i 

-,; 4. Adhesives Manufacturers' Literature 

· a. American Cyanamid Co., 30 Rockefeller ~1aza, New York,N.Y.: 

1. The Use of Urac 100 with Catalyst 57 Cold Setting Urea­
For~~lde~yde Synthetic Besin Glue. 

" . 

2. Urac 101 Cold Setting Urea-Formaldehyde Synthetic Resin Glue. 

3. Melurac 300. 

4. Melmac Adhesive 400. 

5. The Eeetle Cements A and AF. 

6. Laminac Resin p-4i22. -

b. ]~kelite Corporati~n, 30 East 42d St., New York 17, N.Y.: 

1. Powdered Phenol Resin Glu~ · BC-16168. 

2. Powdered Phen'oi Resin' 'Gi~e' -]0-16529. 

3. Bakelite Col~ Press Wood Bonding. 

4. Warm-Setting Phenolic Resin Glue BC-17540. 

5. Cold-Setting Phenolic Resin Glue XC-176l3. 
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c. B.B. Chemical ' Co., 784 MemQrial Drive, Cambrid ge 39, Ma ss.: 

1. Physical Tests on Aluminum to Aluminum Bonds. 

d. Carbide and Carbon ,Chemic als Corporaiion, 30 ' East ' 42d St ., 
New York 17, N.Y .: ','" , . 

' l ~ Vinilite POlyvinyl Acetate Resins. , . f i 

2. flVinylseal" Adhesives~' T:, 24-9 and MA 28-18 . 

. "J .', ; I, 
.... r 

_ .: J 

1. Wood and Glue at ' Wa"f"~ :~ . .. . ~ 

3. Glued Prefabricated Houses. 

4. Casco Gluin g Guide. 
'r. ~ ;, ·f/!'j.t~·, ~ _ 

5. The Casco Trouble Shooter , for Joint Gltiing~ ~ , 

7. Glue Recommendations for U.S. Government Specifications . 
. .' ~ -. ~ ':', :'.;;' . ; . :" . ., i - f 

8 . Comparison Chart for Casco Glues. 

10. Time and Temperature Factors (for Use of Casein, Ure a-
. ' Re sin" 'or" Phenol- 'Re 'Sin" Glue ,) j :,' ,;, .; r.-': 

.r ~ ; :. oJ. 

11. Bulletin No . SR-l. Cascola Water Resistant Case Sealing 
, Giu~e s ; for Sealing Flaps ." of/V, Boxe-s. ,I' '. ,.' 

-: .. ; 

12. Bulletin No. 3. The Gluing of Compregnat e d Wood . 
I 

13. Bulletin lir 0 • 4. Coloring Urea-Resin Glue Solutions. 
. " : 

" . \ .' " -' 

14. Bulletin liro. CN-5a. A Shipping Room Glue of Wide Utility 
(Cascotin CN-5) 

15. BUlletin No.6 . Glue Recommendations for "Fl uid Pressure" 
or Bag-Gluing Techniques. 

: I 
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16. Bulletin: ·No ., ~ 7. ~:'I!n:e"a.ltt.i!ng · of Woocl. . wfth High .<Freque.nGY 
Electrostatic Heating Eq~ipmen£. . 

", .: 
17. Bulletin No.8. Resin Glues and Workers' Health. 

. . ~\ 

18. Bulletin No.9. Craze~Proofing of , Ur~a Resin Giues. 
. " 

19. Bulletin No. 10. Spraying Syntheti~ ! Resin and Casein . Glues. 

20. Bulletin No. 11. A , Cold~Setti~g Oeme~t for Bonding . ~~~al . 
to Wood and Other Dissimilar Materials (Casco Flexible 
Cement NT-442). . _ 

21. Bulletin No. 12. A Durable Flexibie Cement of Wide Appli­
cation (Casco Flexible Cement NT-475) 

22. Bulletin No. 13. Edge Gluing with Vrea Resin Glue in the 
Rotary Clamp. 

23. Bulletin No. 14. Cle a ning Glue Equipment. 

24. Bulletin No. 15. Th inning Intermedia~~ - Temperature -
Setting Ph~nol Resin Glues. 

25. Bulletin No. 16. , Edge Gluing, JoiI}t · G~.uing, Laminating 
with Casein Glue. 

-
26. Bulletin No. 17. Cascamite ' ~6-Cold Press with Flour 

Extender. 

27. Bulletin No. 18. Casco-Resin 5 : (Liquid)-Cold Press with 
Flour Extender. 

aa. Bulletin No. 19. The IIMaster Mix" Method of Using Urea 
Resin Glues. 

29. Bulletin No. 20. A New, Room-Temperatri~e-Setting Resin 
Glue Producing Durable, Boilproof Wood Joints. 

30. Directions for Using Casco Resin for Hot-Press Gluing. 

31. Casco Resin (Liquid) 'CUse with C'at'alyst H":19) 

32. Casc a mite TS - Ca sc a mite TS-75 . 

33. Cascamite BG-2 (Use wit~CatalYBt H-21) 

34. Cascamite LA-27. 

1 
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35. Cascamite 66 (Use with Cat~lyst H-19)." 

36. Cold Setting Urea-Re.sin Glue. : 

37. Cascophen LT-67 (Liquid Phenol-Formaldehyde.· Resin Glue .) .. · 

38. Cascophen W-:.110. . , .. : 

39. Cascophen ~,-.48 . " 

40. Cascophen BG-17 (U se vTi th Cat.alys.t H- 2-3) . .. 
.. 

41. Compregnite. 

42. Cascophen _ BG"7't'15 ' (Containing CatalystJ. · 

f. Cordo Chemical Corporation, 34 Smith St., Norwalk, Conn.: 

1. Cordo-Bond Adhe ·.sives. · Catalog No.1, July 1944 . 

. g . Chrysler . Corporation, Detroit 31, Mich.: 

1. Efficiency o~ La~ Joints, 
I,' • 

2. Moisture aid ~Huci {aity Res~stance of i h~ Cycle-Bond Process , 

3. C y c 1 e - :a 0 n d ' (-.P r ' eli min a r y Rep 0 r t') ~ " .' 
.~ ') 

4 . CB-2 Plywood Shear Im mersion Test", 
_, . t 

5 . Cycle-Weld CB-4 Process VS C-3 Cement. 

,p., Righ and L'ow .T,'emperature Shear Tes·t ',s on Cy~le:-:orel 'ded' Alel'ad 
and Dow Metal Sheet. 

-
7 . . ,A.dh·esion , of 55- 6 'Ce!llent to Various , Materials ', ' 

_ J ' 

.. , .' 

8. Chrysler Direction Sheets and Process Standards. _ 
. ',- . i .' f; .r. ' 0' " ,' : :: . . 

9. Cycle Weld Chart. 
. I • ,. , . .~ , '. 

10. Cycle Weld, Bonding , 6~ ' W6od ' to Metal. c ' r" : r: ::.;. . .':~ 

.. ' : .: 
. , '\ ~..,:. 

h, E. I e :pu : PGlJ!J.h ,de ' Nem·ouI's and , Compan y ; Parlin; N ~ ' J, : 

~.. -:0 ' . 

I, ,P1asta.cele ': Handbook /- C~11ulose Acetate Pla~ti~ ~; S h e' ets. , ' 

2 . Lucite Manual ~ Methyl Methacrylate R e sin. 
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3. 4624 Thermosetti~g A~hesive. ~ . " , 

4. 4644 Thermoplastic Adhesive. 

5. 5458 Adhesive. 

6. 4646 Modified Thermoplastic Adhesive (Re~tricted). 

7. 4653 Low Te mperature Bonding Adhesive (Restrict~d). 

i. Durez Pl ~st ics and Chemicals, 

(Technic a l Bulletins) 

Inc., North Tonawanda,N" Y.: 

1. Instructions for 192 D.urez Resin for Bonding Douglas Fir. 

2. Durez 194 Hot Pr~ss Resin Adhesive 

3. Durez 194 Resin Adhesive for B~g Molding. 

4. Durez Low Tempe~ature Resin Adhesive (12041 with Catalyst 
742 2) 

5. Durez Low 'i: e mperature Alkaline Resin Adhesive "(Tent'ative 
Instructions for the Use of 12533 with 12534B) 

6. Durez 12688 - 12689 Room Temperature Resin Adhesive 
(Tentative InstructLond) 

j. Durite Plastics. - Frankford 8tation P,O., Philadelphia 
24, Pa.: 

1. Special ~ata No. 1060, Durite S-2986, Heat-Setting Laminat­
i ng B'O'hd, ' April 22, 1944. 

2. Special Data No. 1061, Durite 8-2983, Water Soluble Heat­
Settin ~ Resin, April 22, 1944. 

3. Speci a l ' D:ata No : 1064, D\),rite 8-1643, Fabric Impregnant 
for Molded Shapes, May I, 1944. 

4. Speci al Data No. 1070 (Superse~in g Data No. 1042), Durite 
S-3026 Adhesive' for Wood, etc. ', Setti ng to Room Temper­
ature (Superseding Durite S-2682), July 14, 1944 . 

• :. ' • • ' .' :' ~ • • ",I .~ R' .' • ' . . ~ • .: 

5. Speci a l Data No. 1071, Heat Sett ~ ng Adhesive for Plywood, 
- :~ ' June 7, 1944. 
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6. Special Data ,N o; . 1J",Q'?;2,: ~Duri; te ' S-, 2, ~E17, ~ Boil,-Er90,f !and. .. :Li ·gh~-:­
Stable Thermosetting Resin for Treat i ng and Lam~nat i ng 

Fabric, Paper, etc., June 8 , 1944 . 

7. Speci al Data 'No . 10'7,3, Duri t e 
set t in g Resin for Treating 
etc. , June 8 , ·1944. 

. :; 1 5' ~ ;-·i . .: '; . . . 
S-2988, B~~l -Proof ~hermo-

and Lami~~;in i ' ff~bri~, Paper , 

5;. .~. 

8. Special Data No: 1076 (Sup e rsedin g Data Nos. 1068 a nd 1 055) , 
Duri t e S-3024, Heat:-Setti ,n g . Ce,ment .. ,for Bondin g Meta·ls, _l 
Vi t reous Substances, Ther moplas t ics,' Polyvi'nyl Chl~ri~ e , 

::.,B:u,tadiene Acry1onit ,r 'i ,l ,e Rubb ,ers , et.-q .. , June 29" 194.4 .. 

9. Data No.4 Adhesives of S-2979 S'cries, JU:ne 23,' 1944 . 
.. 1..:\ ,: i:~ 8 _. 

k. Monsanto Chemical Co .. Plastic~ Division, 
: ~'~l ~': .. : i ~~ ..' 

Sprip.gfield 
2, Mas s.: 

", ~ ..... : t • • ' \ \ . " 
~ . . . ~ . ,. . . 

1. Cementi,n-g ·T'a ,c.hn.ic s. . , 

1 ,. lva ra.~le 'A,~;re .. s.ives Corp. 'I 261 Fabyan P1a oe, Newark 8, N .J.: 

1 . General Directions for Mir a cl e Adhesiv~s ~ ~ypes H - M ~ ~~. 
(Spe cification M- 200) 

: )!::: . 

2 . Directions for I n stalling Safety Treads (Specification M-202) 

3. Recommended Spr ay i ;g ~quipment for Miracle Adhesive, 
T ype P. Direc'tions for, Spray i ng ~iracle Adhesive , T Yp.e ' p. 
(Specification M-2 03) 

4. Directions for Applying Mira cl e Adhesive , Type P, with a 
· '.J,:, Brus.hi ·( Specification 203-A) ' ,:' '; ',"" . ' 

5 . Direc t i ons for Installing Asbestos Fabric, Asbestos Listing , 
etc. (S pee i fie at ion M- 204 ) 

• I, 

6 . Directio n s for Installing Canvas (Spe cification M-205) 
. • ' .' ~ '.1 ' " I '-

7. Directions for Installing Cor k and "Heavy Density Fibreglass 
I n s u l at ion (Specification M- 206) 

. .. . ,I ':' I. ;' , , ":) 

8. Directions for Installing Li gh t Density Fibreglass and Batt 
Type I n sul at ion (Specification M-2 0 7) 

· " ? .~!' J : ..... ; f ';' ·f :~'. ~) r 1 ~ -~ :' .i ~:: ~ !..! !) -1 .. .... f .;! J i':: J. ~:' 1 ~ ~~ :'- " 
9. Directions for Installing L~~p~~~§ ~ fSpe c 1fi~DttQn -~-2 08) 

10. Directions for Ins ta lling Li noleum (Specification M-2 09 ) 
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11. Directions for Installing Wall Fixtures (Specification 
M- 210) .,..: , . 

. . 

1.2. A Leveling Plastic for Use under R-Mi-r ' - -:rfek, ·Tile, Linoleum, 
Linotile, etc. (Specification 1-1-'.212} : 

13. Directions for Lnst$111ng Qork, Insulation Board, Asbestos 
Board and Hard Board (Specification M-.2.20) '·· 

14. Directions 10r Installing Glass Bl~cks (Specification M-2Z1) 

15. Directions 1dr Installing Acoustical Board, Insulation 
Board, etc., to Ceilings (Spectfication M-.222) 

16. Directions for Installing Rubber with Miracle Adhesive, 
Type R (Specification M-250) 

17. Directions for Installing Light Fabrics, Asbestos, Paper, 
etc., with Miracle Adhesive, Type R (Specification M-251) 

m. Pennsylvania Coal Products Company. Petrolia. Pa.: 

1. Instruction Sheet, Penacolite G-l124. 

2. Instruction Sheet, Penacolite )' Q."-113l. 

n. Perkins Glue Company. Lansdale. Pa.: 

1. Perkins Resin Glues, Handbook, Fourth Edition. 

2. Directions for Using Perkins Aircraft Casein Veneer Glue. 

3. Perkins Urea-Formaldehyde and Melamtne-Urea Resin Glues. 
General Instructions. 

a. Cold . Pressing Techni~ue 
b. Hot Plate Pressing Technique 

4. Perkins L ... il..00 vrith Boil-Proofing Catalyst (for Vacuum Bag_ 
Autoclave Application) 

5. Perkins D-ill with Boil-Proofing Catalyst (for Vacuum Bag­
Autoclave Application) 

6. Perkins Melamina~Urea Resin M_411 (Instructions for Vacuum 
Bag-Autoclave Application) 
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7. Perkins L~,gu~d , Urea - Formald, ehyde Re sin -L-IOO. 
a . Cold Pressing 
b. Hot Plate Pressin g 

8. Perkins L-IOO w{th Additi6n of Bo il-Pro of i ~g Cata l ys t. 
(Hot Plate Press i ng) 

.. ; 

9. Perkins Powde r ed Urea-Formaldehyde Resin ' D~lll . 

a. Cold Pressi ng 
b . Hot Plate Pressing 

10. Perkins Powdered Melamine - Urea Resin M-411. 
a . Cold Pressing , but Kiln Cure 
b. Ho t Pl at~ Pressing 

85 

11. Perkins DC - 246 , Instructions for Mixi ng and Applic ation~ 

o . Plaskon Di vision, Libby ~ O~ens - ' Fo rd Gl as s Co. , 
2112-24 Sy lvan Av enue, Toledo 6 , Ohio: 

1. Plaskon Se r ies 900 Laminatin g Res ins , 

2. Plaskon Cold Se~ting Res in Glu e , Type 201. 

3. Plaskon Cold Set t i ng Resin Glu e, Instr u c t i on Manual for 
Ready-Mixed , Type 250-2 . 

, , 

4. Plaskon Hot Sett i ng Re'sin Glu'e, T'yp e 1 0 7. 

5. Plaskon Resin Glue , Instruc t ion Manual for Type 700- 2 
Hot Setting AdhBsive '. 

P. P 1 a s tic s I n d u s t r i es T e' c h n i c a l Ins t i t u ~ 
186 South Alvara do St., L os Angeles 4, Calif.: 

1. Instructions for Use of Cold Set Re sin X Adhes ive. 

q . Resinous Products and Chemical Co. , Wash i ngton Squar e , 
Philadelphia 5, Pa.: 

1. Resin Adhesives for Plvwood, Tego, Amberlite, and Uformite 
(7th ed:) , ' Oct . 1942 . 

2 . Bul le:t i 'n No . ,2. 'Ufor'mite ' C':B-55,l ' Cold' Bonding 'S'tudie 's. 
Ap,r.i ,l 1943. 

3 . Bullet 'in H'o'. 3 . Amberl it e P'R-14 Hot P ressi ng- Stud i e s, 
May 1943. 



I 

86 NA CA TN Ho. 98'9'.~' 

4. Bulletin No.4. F,lexible Bag Moldi.n,g of Curved Plyltlood, 
May 1943. 

5. Bulletin No.5. Government Specifications 
a nd Adhesives. Sept. 1943. 

for Ply\.,ro od 

6. Bulletin No.6. E dge Gluing and Taping of Plywood Veneer. 
Feb . 1944 . 

7. Amberlite PR-75-B with Catalyst P-79. 

8. The Ufo rmites, , Go,ld Bonding Resin Adhesives. 

9. Uformite CB-551 and Ufo r mite CB-552; Cold Setting Resin 
Ad i1 e s i ve s . 

10. Cat alyst ~- 1 07 with Uformite 430 and Uformi te 500. 

11. Redux, for ~ond ing ~ etal to Metal. 

12. Redux, for Bonding Metal to Metal and Metal to Woo d. 

13. Tego Tape, for Repairing Plywood Veneers. 

14. Material 11 4 2. 

15. Edge Gluin g of Lumber Cor e s wlth ' Ufor mite ' 500 and Catalyst 
~-87. 

r . Swift an d Co. I 4115 .Packers Ave., Chic ago 9, Ill. : 

1. Waterproof Adhesives Manufactured b y Swift and Company 
Especially for )-1anufacturing, Seal.i .ng, and Labeling 
Containers ·for ·the Army, Na v :{ , a..nd Lend. Lease., 

s. Un ited State s Stoneware Co,.: 

1. Reanite Ceme,nt s" 

5. United States Govern~ent Reports . 

a. National Advisory Committee for Aeronautics.: 

1. von Hippel, Arthur R '., and Dietz, A.' G. H .: , Curing of 
Re sin- Wood Combinations by High-Frequency neat in g . 
NACA TN No . 874, )942. 

• > 
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.' 
2 : Turner,' p. S.: Th e Problem of Thermal-Expansion Stresses,' 

,~ '\ 

i n Reinforced Plastics. NACA ARR, Ju,ne 1,942' . 
. '.' ('):.'f 

3. , Rinker ., R. C .. Reinhart, F. W., and Kl in e', G' ~ M.:- Effect 
of pH on Strength of Resin Bonds. NACA ARR N9. 3Jll, 
1943. 

4. Turner, Philip S.; Doran, Jewel; and Reinhart, Frank W.: 
Fairing Co mp ositions for Aircraft Surfaces. NACA T. 
No . 958, 1944. 

, I 

5. Axilrod, B. M., and Jirauch, D. E.: Bonding Strengths of 
Adhesives at Normal an d Low Tempe ratures. NA CA TN N6 .' 
964, 1945. 

. . ' . -\ , 

b. United States Department of....!.griculture Forest ' s.~~~i ce ':'" 
Forest Products Laboratory!. 

1. Brouse, D.: Effect of Extending Hot Press' , ' U'rE!~a-R~" sin 
Glue wit~ Rye Flour on Strength and Dirabi1~ty of the 
Glue Joint 's. Rep. No. Z 1294, Apr. 194 2. 

2. Co mpar i son of Cold-Setting, Urea-Resin Glues ~i th Casein 
Glues for~oi nts in Aircraft Assemblies. Rep . No. 1 33 1 , 
Oct . 1941. " 

3. Kaufertl ;" f .!" H . ~',.In.cre as in g the Durabil:i:ty of Casein Glue 
J 'o'i\nts. ~itn " Pr' es 'e'rvati ves. Rep. No. ' 1332. Oct. 1943. 

4 . Gabriel, A . E •• a n d Coho das, . : Leah E.: :' Analys'is 'for f. i ,ller 
Co ntent ' of Urea - Forma1de)l y,de " Gl u'e 's. Rep. No. 1333" 
Se pt . 1 944 . 

5. Synth et ic Res in Gl ue.s. Rep. No . 1336, Dec. : 19 41. 
.\. 

r' 
: I •. 

6. Gl ues fo r Use in Att cr aft. Rep . No. 13 3 7, bct. 1941. 

7. Testing an d Mixing Aircraft Glues. 

8. Con t r ol of Co ndi ti on s in Glu i ng . Re p. No. 13 40 . Oct., 1 94,1 ' ~ 

9. Eick~~r, H~ W.: The Glu i ng Char a cteris t ics of 15 S~ e~ ies 
of ' Wood ,with Cold-Setting. Urea - Res in Glue s. Re~. No . 

10. 

1342 . Aprii ' 1942. of· . 

Br owne. F,. ','1,\ . ' ,:LaU; 'gh jd.,.~h; , '1)O:4 ",t ~J:\;B}rb i;n k . Br u c e G. . a nd 
Fle;i.s',ch,er, R. ' 0 '.1 ' " '"Summ'ar y of a Stud y of Temperat1,l,re ,s ', ... 
Attaine d in a , ~u,mmy, A.irCl,:,ait,iv-in g during the SUf-un~ r at 
Mad~~b n, Wiscon~i~. " Be~ . Nos . 1343-A and B . • J~~~ 1943. 

: .. :.': . (\ :" . 
. . ~., I' ! 

j 
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11. Kaufert, F. H., and Richards, C. Audre y : Procedures for 
Measuring the M~ ld Resistance of Protein Glues. Rep. 
No. 1344, Sept'-. 1943 . . 

12. Blomqui '&t, ,R . .F.: ' Effect, ,of Hi~h and Low Temperatures on 
Resin Glue toints in Birch Plywood , ~ Rep. No. 1345, 
J an. 1944. 

13. ~icknert Herbert W.: 
li46, March 1943. 

Gl.uing of Thin Compreg. Rep. No. 

14. Heebink, Bruce G.: Summary of Hethods of Bag-Molding 
Plywood. Rep. No~ 1347, April ' 1943~ 

15. Eickner, Herbert W.: The Gluing of LaminiteA . Rape~ Plastic 
(Papreg). Rep. No. 1348, Jan. 1944. 

16. Fleischer, Herbert O.~ SUbstitutes for Rubber Bag Mite­
rials in Making Molded Plywood. Rep. No. 1349, May 1943. 

17. Heebink, Bruce G., and Fleischer, Herbert 0.: Tests to 
Determine the Slipping Properties of Bag-Molding Glues 
in the Fluid Stage. Rep. No. 1350, May 1943. 

18. Kaufert, F. H.: Preliminary Experiments to Improve the 
Gluing Characteristics of Refractory Plywood Surfaces 
by San din g. Rep. K o. 13 51, J un e 1 9 43 . 

19. Blomquist, R. F.~ Determination of Degree of Crire of Lo~­
Temperature Phenolic-Resin Glues bi Solubility M~thods. 
Rep. No. '1352, S~pt., 194~. , 

20. Sanborn, W. A.: The Influen'ce of Moisture Changes in Wood 
on the Shearing Strength of Glued-Joint Assemblies. 
Rep. No. 1524, Jan. 1945~ 

21. Wangaard, F. F.: S1.;tmmar:y of ~nformation on the Durability 
of Aircraft Glues. Rep. No. 1530, May 1944. 

22. Bruce, H. D., Olson, W. Z., Black, J. M., and Rauch, A. H.: 
Gluing with Lo~-Temperature S~tting Phenol, Resorcinol, 
and Melamine Glues. Rep. No. 1531, Dec. 1944. 

23. The Use of Wood for Aircraft in the United Kingdom~ Rep. 
of the Forest Products Mission. Rep. No. 1540, ' June 1944. 

24. Paul, Benson H" qn~ ' Limbach, John P.: Estimating the 
Specific Gravity ' of Plywood.' Rep. No. ' +589,' , june 1944. 

" . 

• , j ' ,' , 
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25. Browne, F. L., Do\,{ns, L . E., La:U:g'h'rfan', D . F., a nd SchweDs, 
A. C.: Study of Temp erature ': ci"ri.1 Moisture Content in 
Wood Aircraft Wings 'in 'Diffe'r 'ent Climates. Rep. No . 
1597, FeD. 1944. 

1 . 

2 . 

3. 

4. 

5 . 

c. Army Air Forces. Headquarters, Air Technical Se rvice 
Command : , 

Wyrostek , E . J .: Spec ification for Ce ment lAo Rep. No. 
E ng . ' 56-M4723, Add. 1, July 1944. 

Specifi cat i on No . 141 2 2. 

Spe cification No. 26544. 

Speci fi cati on No . 26571. 

Sp e ci f icat i on No . 26593. 

6. Specification No . AN-C-54. 

7. Spe cificat ion No . AN-G-8. 

8 . Wood Ai rcraft Inspe ction and FaDrication. ANC Bulletin 
No. 19, Dec. 1 943. 

d. Navy Department, Bur eau o f Aeronautics, Nava l Air Mate­
rial Cente r, Philadelphia Naval Air Experimental 
St at ion~ 

1. Dowling, Arthur P.: I nvesti gat ion of Asse mDly Glues for 
Woo d Aircraft. Rep. No. AMS(M) - 684, April 1943. 

2 . Dowl i ng , A. P . : Phy~ ical Characteris t ics of Phenolic Resin 
AssemDly Glues'(Room ' Setti ng and Heat Setting) Compared 
with Ur ea- Resin and Casein Glues. Rep. No . NAM 2583, 
Part IV, April 1944. 

3. Dowling, A. P.: The Si gn ifican ce of pH i n Glued Woo d 
Joints . Rep. No . NAN ,2583, Part V, June 1944. 

4. Dowlin g , A. P.: The Significance of Thick Glue Lines in 
Glu ed Woo d Joints. Rep. No . NAM 2583, Part VI, Aug. 1944. 

5. Sa ndDurg , J . R.: 
Wood AssemDly 
1944. 

Tensile an d Tearin g Te sts for Evaluating 
Glue . Rep. No. NAM 2586, Part II, June 
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6. Dowling, A. P.·: ~valuation of the Fresh and Salt Water 
Res istance of Cycle-Welded and Cycle-Bonded Joints. 
Rep. No . NAM 25143, Part II, Jan. 1944. 

7. Dowling , A. P.: The Effect of Heat and Wat~r on Cycle 
Bonded Alclad-Wood 'Joints at Various Film-Thicknesses 
of Cycle-Weld Cement. Rep. No . NAM 25143, Part III, 
May 1944 . . 

8. Dowling , A. p.: Th e Metlbond Series of Cements. Rep. 
No . NAM 25143, Part I V, Aug. 1944. 

9 . Dowling, A. p.: The Cycle-Weld Method of Securing Metal . 
to Metal and Metal to Wood Joints in Air craft Assemblies. 
Rep . No . NAM 25143, Part II, March 1944. 

6. British Government Reports 

a. Roval Aircraft Establishment; 
... ' 

1. Pryor, M. G. M.: Adhesion of Glues to Plywood. Rep. No. 
Mat-N-II02-6, Sept. 1941. 

2. Adhesives for Metals - Programme of Test for · Sheet . Rep. 
No . Mat - N-200l-23- WDD-1 22, Oc t . 12, .1943. 

3. Pryor , M. G. M.: Adhesion of Gluos to Pl~wood . Rep. No. 
Mat-N-1-2001, Se pt . 1941. 

4. Redux Adhesives for Light Alloys. Rep. N~. Hat-N-~ -14, 086a, 
Oct. 1942. 

5. Pryor , M. G. M., and Gordon, C. M . . : Second Rep'or't .oIl the 
Adhesion of Glues to Plywood. Rep. No. Mat-N-~-20Dl , 
Jan. 1944. 

6. Test Report on Redux Adhesive~. Rep. No. Mat-N-2007-3-
NJFC~122 , Ma rch 1944. 

7. Bedwell , L . M. E .: Investigation into the Setting Pr90ess . 
' of Phenol - Formaldehyde ~esins. Rep. No: Mat~N~2-3008, 
May J, 944 . ': . 

8. Aging ~~ ' Urea-Fdrmilde~yde Adhesive to DTD~484. Rep. No. 
Mat-.N-4-·2051 ,. :Apr'il 1944. 
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b. Ministry of Aircraft Product'ion Scientifia an d 
Techn ic a l Memoranda~ 

1. Investigation into ,Gltie s and , Gluin g; Rep. No. 31, STM 
No. 5 - 43 . 

9 1 

2. High Temperature Wet Tests on Cold-Setting Synthetic Res in 
Adhesives - I nvestigat i on into Glues and Gluing . Rep . 
No . 32, ST M No . 9 - 43 . 

3. Ca mp bell, W. G., an d Pa c kman, D. F.: Chemi cal Factors 
Involv e d in the Gluing of Wood with Cold-Setting Urea-
Formaldehyde Gl ues (2d r ep.) , The Effects Indu ced 
by Cold-S etting U- F Glues on the Phys ical Properties 

.of Wood in Wood - Glue 06 mpos i tes . STM No . 11-43 . 

4. L i ttle , G. E ., and Pe pper, K . W.: Synthetic Resin Glue s -
I. STM No . 1 9 - 43 , Oct. 1943. 

5. Hearmon , R . F. S. : The Hi gh Frequency Electri c al Proper­
t ies of Wood and Wood - Res in Combinations. STM No. 
C4 - 44 , March 1 944 . 

6. Insol a.ti on. Effects in Ai tc:r a f .'t ,Wi ngs and the Psychrometric 
Durability o f Glues. STM No. 8 - 44. 

7. Campbell . ~ . G. , and Bryant , S . A.: Che mic a l Fact·ors 
Inv olv ed in the Gl uing of Wo od wit h Cold-Setting Urea -
Formaldehy de Resins (3d rep.) A Oo nsiderat i on of 
the Causes of the Decl i ne in Failing Load of Gap Joints 
durin g Prolonged Storage unde r Controlled Conditions. 
STM , No . 9-44 , Jan . 1944. ' 

8 . Fatigue Tests on Joints Made in DTD-390 Using Redux 
Cement . ST M No . c 9-44~ 

9. The Effect of Temperatures on the Stren g th Properties of 
Wood, P l yw ood, and,Glu~d Joint ,s . " STM , No : 12-44," " 

1 0. de Bruyne , N. A., Kembal:'l , ' C" Brech ,' G., Oampbe ll; ;' W.G . ;': 
an d Cooper, B.: Fundamentals of Adhesion . Oct. :: i943. ', 

c. Forest Products :Reseaich'Laboratory , Pri~~~s Risbo~o~ih: 

1. The Ide nt ificati on of Plywood Glues. 
.. , , 

2. Temper ature and Moi sture c. ontent Condi-trons in ' Wooden Ai r­
cr a f t and The i r Influence on the Durabil i ty of Glue 
Join ts . Research Program for the Summe r of 1943. 
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3. The Bondin~ o~ T~go Fil~ Glue in Plywood. ; 

4. Chemic a l Factors Involved in the Gluing of Wood with 
Cold~~~tting Urea-~or~aldehyde Resins. 

5. The Influence of Surface Finish and Grain Direction on 
the . Strength of Glued Joints of Sitka Spruce. Rep. 
No.2, 

6. Development of a Wet Test for Ply~ood Made with Urea­
Formaldehyde Glue. · Rep. No .5. 

7. Beech as a Timber for Glue Test Sample s. Rep. No.6. 

8. The Moisture Resistance of Glues in Plywood. Rep. No.8. 

9. Taped Joints in Plywood. Rep. ¥o . 11. 

10. Tests on Catacol Cold-Setting P.F. Resin. Rep. No. 12. 

11. Development of Standard Glue 'Test s Using the T'wo-Ply 
Sample. Rep. No. 13. 

12. Formaldehyde Treatment o£ Casein Joint·s. Rep. No. ' 14. 

13. Further Experiments ' on Formaldehyde Treatment of Casein 
J 0 in t .s , Rep. No. 15·. 

14. The Moisture Resistan~e of Paints for Casein Joints. 
Rep. No. 17. 

15. First Report on the U, F. Resin Adhesive Beetle. Rep: 
No. 19. 

16. Comparative Tests on Three Rolls of Teg o Glue. Film. Rep. 
No. 20. 

17. Facto~s in _ ~~e Gluing of . Improved Wood. aep. No. 22. 

IS. Factors in Gluing ~f ~mproved Wood and Plastics. Rep. 
No. 25, " 

19. RevisJ.on .o! C~s~in Glue Specification B.S; 3V2. ~ep. 
No. 26 " - . 

20. Proposed Specifications for Cold-Setting Synthetic Resin 
.Glu .es_ .. Rep ... No . 2S, Sept. 1942. 
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21. The Separate Application ~~et hod in the Use of Beetle 
Rep. No. 29. 

22. The Separate Application Method in the Use of Beetle 
Rep. No. 29-B. 

23. Tests on Synthetic Resin Adhesives for Plywood. 
Rep. No. 31. 

24. High T emperature Wet Tests on Cold-Setting Synthetic 
Resin Adhesives. Rep. No. 32. 

25. Weathering ~ualities of Plywood Glues . Rep. No. 36, 
March 1944. 

26. Influence of Time on the Strength of Glued Joints. 
Summary No .2. 

27. The Two Ply Glue Test Sam~le. Summary No.3. 
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Figure l.- ' The potential field outside a (100) plane of 
on a charged particle (curve 1) and on 

2). (From Lennard-Jones and Dent). 
argon 

(curve 

Ourve 1.- Electrostatic force between the crystal and 
charged particle. 

KCl 

Curves 2a and 2b. Van der Waals forces betwaen the crystal 
and an argon atom. 

Curve 3.- Force due to polarization of the crystal by the 
charged particle. 

The forces are calculated for a partiole at a distance HZ" 
from the crystal surfaoe in which the ions are separated by 
the distance "a". 

eSt. 00 ® Na 
Figure 2.- Schematic repre­

sentation in two 
dimensions of the structure of 
soda-silica glass. (From Warren). 

400 soo 
p. AVERAGE DEGREE OF POLYMERIZATION 

Figure 3.- Effect of 
average 

degree of polymeriza­
tion on tenacity of 
high polymers. (From 
Kark) • 

A.- Fibrous area 
B.- Plastio area 
C.- Rubbery area 
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Figure 5.- The Bartell cell. (From Bartell 
and Osterhof). 

A.- Section wet with highly wetting liquid. 
B.- Section wet with poorly wetting liquid~ 

Figure 4.- Adsorption of 
nicke 1. (From 

hydrogen on 
Benton and 

White). 

@ 

Curve 
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1.- 25 mm pressure 
2.-200 mm pressure 
3.-600 mm pressure ~
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joint .. 4V 

Detail of test 
specimen 1 

CUT % THROUGH CORE 

SPECIMEN A 

IT 
-----~. I H [I :"T l! TN""" CORE 

TI 
SPECIMEN 8 

A SECTION A-A 
Figure 7.~ Block shear specimen and 

tool. (From ANC-19). 

Figure 8. - Plywood shear specimens 
and grips. (From ANC-19). 
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Figure 6. - Tensile test specimen (From Platow, reference 46). 
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(4 ) 

SCARF LAP 

( a.) Spe cimens under no loa d . 

(3) 

DOUBlE LAP TAPER 

---• -I ., 
•• •• •• .. •• •• •• •• ,. f. 
I • • --

(4) 

SCARF LAP 

MATERIAL OF EQUAL MODULUS 

(b) S,..e~ir.ens undor l oad. 

Fig. 9 

(5) (6) 

SCARF L AP DOUBLE SC ARF LAP 
MATERI AL OF UNE UAL MOOULUS 

, 
II 

(5) (6) 

SCARF LAP DOUBLE SCARF LAP 
MATE RIAL OF UNEQUAL MODULUS 

Fi gure 9.- Distribution of stresses in shear test spec i mens. 
(From Jackson). 
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( a) 

1 1/8 11 

Cylindrical 
Doub Ie shear 

Figs. 10,12,13;14 

Figure.l2.- Cylindrical double 
shear speclmen and 

grips. (From.McBain). 

10000-
BREAKING 
LOAD IN LII , 
,

0
-

6000-

I 
4000-

PLAIN LAP JOINT 

Pigure 10.- Cylindrical single 
shear specimen and 

grips. (From McBain). 

I 
2000 

OVERLAP IN INCHES 

o r 2" 3 " 

Figure 14.- Shear strengths of 
tapered and untapered 

lap joint specimens. (From de Bruyne) 
UNSTRESSED 

• , I I .I I I THE GLUE LAYER SHOWN HERE 

I Itt • T T EXAGG ERATED IN THICKNESS 

HAS TO ACCOMMODATE ITSELF TO 

THE DIFFERENTIAL STRAINS IN 

A LAP JOINT UNDER LOAD CAN ~ I I I I i 1 J 
BE MADE EVIDENT BY DRAWING I t f t • t 

(ZEFERENCE MARKS ON THE MEMBERS 

THE DIFFERENTIAL STRAINING 

J ~ ! .I I .I I I IN THE JOINT MEMBERS 

L 
I t t t t t t t 

STRESSED 

Figure 13.- Concentration of stress due to a differential 
strain in a lap joint specimen. (From de Bruyne). 
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r , 

Figure 11.- Johnson double shear s~ecimen and tool. 


