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INTRODUCTION

The phenomenon of adhesion ocours in various
gystems, e.g., gas-s80lid, liquid-solld, solld-solid, ete, .
When one realizes that despite our appreciable knowledge
of molecular foroee 1t 1s not possible to predlot with cer-
tainty the misoibility of two ligulds or the strength of a
given matérial, the ﬁirrieulty in formulating a generalized
theory of adhsaion'bacomes‘roadily apparent.

Some 1nve§tigatora, notably W, D, Harkinal, have
provided the thedrotioal basies for the gtudy of adhesion of
the solid-1iquid type. One might also note that it has been
only recently that a reaaonably’aeourate method of determin-
ing the surface area of a finely divided solid has beeome
available in the multilayer adsorption theory of Brunauer,
Emnett, and Teller, This method offers a relatively simple
means of determining the surface area of a powder which 1s
necessary 1f thermodynamie variables are to he related on a
unit area basig, Oonsequently, variables such as eontact
angle, surface tension, heatg of wetting, total surface
energy, eto., may be related’ soc as to caloulate the energy
of adhesion of a ligquid to a solid, |

However, such a treatment 1s not readlly adaptable
to a study of a solid-solid system because of the Aifficul-

tles involved in measuring the pertinent variables, o.g.,
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the surface tension of a solid, In addition, the 4ifficul-
tiesg are in varloue ways augmented by the faot that most
praetical adhesives and adherent coatinga are high polymers

. which in the bonded structure exert their own mechanical
properties, Also, the field of polymer echemistry is in a
ralativé state of infanoy. donsaquently, such solld-golid
adhegional atudiea 88 are reported in the literature have
been mainly empirical and phenomenological in nature,
partioularly in the development and use of products in the
aireraft 1ndustnyu's. To evaluate the effective adhesion
empirical test methods such as sarateh, shear, tensile,
peel, etrip, impaoct, eto., have been deviaad9“16. Generally,
the force required for the ultimate separation of the
adhegive-adherand layers ig measured, Moast systems inveati-
gated have been oo&pla; milticomponent formulas ylelding
11ttle or no theoretiesl knowledge of the fundamentals of
behavior or of sdhesion ber gse,

Howevér, with a better understanding of the proper-
ties and the behavior of polymeric materialg it has heen
possible in recent years to construct rather simple two
ocomponent systems which oould he studled from a more theo-
retical viawpoint; Buoh investigations gontribute greatly
to our understanding of adhealional phenomena and indicate
the way to future experimental studies,
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S8COPE OF INVESTIGATION

The obJjeet of this investigation was to study a
given polymer-metal asystem thoroughly with regard to:
(1) failure at thin films and mechanism of failure; (2)
uafrelation of bulk-properties of pélymar: with those of
a polymer metal iyatam; and (3) adhesional phenomensa
operating at the polymer metal interface,

The polymer chosen was polyvinylasetate for
several reasons: (1) it is a linear, vinyl polymer with
a relatively small degree of oross-linking and doces not
orystallire on extension; (2) data are avallable in the
literature on its various propsrties; (3) 1%t is a polar
polymer and offers an extension of some wofk done by Kraus

- and Mansonl! on polystyrene and polyethylena; (L) it is

generally recognized as having exsellent adhesive properties
and gconsequently offers a range of magnitude of adhesion
over wvhich the propertles may be varied and measured; and
(5) fraotionation eoculd be easily accomplished and molsscular
welights déterminad by a viscosity mathéd since the osonatants
have been evaluated by other methods,

The method used was the tensile technique utiliz-
ing films of polymers varying between 00,0005 and 0,010 inches
in thiockness.
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THEORET ICAL

I. Mnleculaf Forces
\In explaining chemical and physioal phenomena it
is convenlient to recognize molecular forces as cperative in
two distinet types of bonds: primary and secondary. The
basis of division is the magnitude of the interaastion
energies or diszsociation energles characteriszing each type,
Primary bonds - heteropolar, homopolar, metallic - are
charaoterized by energles of dissociation of sbout 50 to
150 Koal,/mole while secondary bonda have dissociation
energies of 0-2 Koal,/mole., The secondary bonds are the
so~-called van der Waals foroes which inelude the well-known
disporaion13’19, oriantatienao, and 1n&unt10n23 forces,
Intermediate in magnitude are the énergios (4-10 Koal, /mole)
asscolated with hydrogen bonding whioch may be oclassified as
a spenial type of dipole bonds@l,22  0of these forces it is
very doubtful whether primary foroceg are of sny importance
in ndhasionah. Of the secondary forces the dispersion forces
and hydrogen honds are by far the most important, A caloula-
tion by London and Eisonachitza5 ghows that even in the oase
'of high polarity the dispersion forces supply & conaidersble
ghare of the total attraction, It 18 only in the ocases of
highly polar substances as H,0, NHy, gnd HON thgt‘arieﬁtation
forces equal or exceed dispersion foroes while induction

foroes have only & minor influenoce,
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A fairly recent study on the adhesion of polymersa

to sellulose by Molaren and Horriohtargg

hag shown éloariy
the effect of hydrogen bonding, Their wbrk reveals a linear

~relation between the logarithms of oarboxyl oonsentration
and the adhesion of that polymer to cellulose, Xrnusl7
assuming only dispersion foroes operative at the interface
has salculated, using the same brincipla employed by Mhrk27

and deﬁoeraa

Tor tensile strengths of polymeric materials,

a theoretical adhesive gtrength of spproximately 3000 kg./om.2,

He has also ealculated for a dipole-metal interastion a

value ca 5% of that for dispersion forees, It should be

pointed out that dispersion values are meny times grpatur

than the adheaionkmeasured in the laboratery and eveh a small

pergentage of the theoretical adhesion would ascount. for the

effective adhesion measured, MoLaren>d >t stresses the

importance of polar groups which begome evident in their

work with cellulose as the adherent,

II. Thermodynamlcal Aspects of Adhesional and Coheslonal
Fallure _ ,

In the previous geotion, the moleoular forces
generally accepted as contributors to adhssion have been oon-
sidered, However, unlxko‘aolid—llquld sygstems, no oonslders-
tion of the thermodynamics of solid-solid systeme and actual
adhesional fallure have been reported,

For a given substance, the molaauloslln the inte-

rior are completely uurronhded by other molocuioa effecting
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a saturation of the interaction forces; howsver, for a mole-
oule at the surface, there is an unbalanced met inward attrac-
tion. Oonsequently, the substance tends to contract to the
smallent péssible surface area, It is for this reason drops
of liquld meroury will assume a spherical shape, gas bubbles
in a 1iquid becoms spheriesl, eto., In order to extend the
area of ﬁurraao it 1n'noaeasary to da work %o bring the
molecules from the bulk into the surface against the inward
attraoctive rorea§ this work required to inerease the area by
one gguars om, ls called the "surface free energy.® The
tendency of a liquld to contract to a smaller area is a
manifestation of free energy sinoe approach to equllibriunm
ig always accompanied by a diminution of free energy acocord-
ing to the second law of thermodynamics, 8imilarly, the
work required to enlarge the surface of separation between
two subgtances is called the interfasial free energy; this
is generally less than the larger of the two surface free
energles because the two surfaces exert putual attraotion
acrogs the interface and reduce the inward pull of moleocules
in the surfage by those of its own kind.

In solid-solid systems surface energies are
extremely difficult to measure; oonsequently, this aspest
of adhesion with solids has been sidestepped, Analagous %o
Dupre's deduotion for a solild-liquid system, the work of
adhesion of two solids can be represented dy the following

process:
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The work of adhesion 18 a measure of the energy required to
separate the two golids and is given by

Vm‘rm‘ra*xa’run (1)
8imilarly, the work of ochesion for a given salid(a) im:

Woon = Xee‘h o 35; . (2)
In the case of adhesion, the model must be modified to the
extent of introducing an adhesive film between two solid
specimena whioh may or may not be chosen to be the same,
Now, ruﬁture or separation may ocour in the film (oochesive
fallure) or at the interface of the film and the solid
(adhesive falilure), viz:

111111111

¥
===  ooh " 2 411m(p) (3)

LIVLRALLL R AR R L1 [,

O] e J‘m = rs + Xp - aAp/ﬂ Y

It is obvious then that the oonditions for the two methods

of fallure areﬁ
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Y
adhesional fallure Xm { ooh

oohesive failure ' o (Vyan

-If one were able to measure the free anergiaa.or‘surraae ten-
gions indicated in (3) and (i), prediction of the type of
failure would be relatively simple. Guch data are not avail-
-ahle and are uncbtainable at present, However, since the
surface energles of metals are quite hlgh32, it should bhe
ﬁossibla to evaluate such predistions by replacing the metal
surface with one of low surface fres energy, e.g., & non-
polar surface, especially if fallure ooocurs cohesively before
alteration of the surfase, O0Of ocourse, this implies all other
variables to be conatant; this 1s a serilous consideration in

& mechanical ftest, Nevertheless, the model considered now

is (greatly exaggerated):

8 |« 20134 adhersnd
pzzzze adaorbed PAlm (non polar gurface) - (f)
« adhesive film - (p)

R

8 Yo = surface fres snersy of 8
»  oovered with f

wheraeby: Jt;oh = 2 g ‘
radh”rp*‘}/;r" r’p/‘f

It is seen then that for adhesive failure

radh(reehor(rp >Xaf"£>/t | (5)
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and for eohesive fallure

I;ah < 4&“1 or yooff

p loe - Lope (6)
8inoce nonpolar surfaces have & low surface energy, it is
‘quite poesible to achleve the situation represented by

equation (8),

III. 8trength-Thiockness Behavior of Adhesive 8Specimens

Ono'of the common behaviors of adhesive Jointe is
the inoreasing strength with deoreasing thiockness of the
adhesive, This has been observed by & number of investiga-
tors> 38, ¢ least, five theories have been proposed to
explain such a behavior, The more pertinent theories shall
be discussed briefly. |

(&) Molsoular Orientation of Adhesive. MeBain and
oo-workers3?: ¥ have proposed that ohains of molesules in

tha adheslive layer are oriented due to the force field of

the adherend surfage, Fields of foree due to these oriented
molecules &t the surface cause & gimilar but reduced orienta-
tion in the next layer of adhesive, the moleoules furthest
away from the surface being least oriented, 8uch an explana-
tion implies the force field operative over a distance many
molecular layers, Investigations of Bulkleyul, and caloula-
tions of electrostatic attractions between surfaces and.
chargsd particles by Lennard—Jonesua and Bowdanh3 have shown
- the attractive férces to be quite weak beyond the first
monolayer. In addition, this theory predicts fallure in
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echesion for all specimens sinoe the weakest plane will be
in the middle of the adhesive,

(b) Flaw Theory, Bikerman3t suggested that the
failure is due to flaws in the same manner that the inoreas-
ing average strength of fibers has been related to the
probability of the occurrence of a flaw of a glven severity
at which a given fracture is initiated /. The theory of
flaws agsumes a materlal to have a distribution of flaws of
different slze and fallure is initiated or occurs with the
strongest flaw (largest size), Therefore, the less material,
the smaller the probablility of a flaw, »

(o) Non-tensile and Internal Stresses. Thias theory
was arrived at independently by Kraue and Mansonl! and
Meissner and Baldaurhs. Internal stresses may be asoribed
to solvent evaporation in the sase of ligquild adhesives or
differential thermal oontraetion stresses in the ocase of a
molded specimen, The force necessary tc rupture such a
specimen will therefore be smaller in the oase of thicker
afhesive films, 1In addition; due to the sonstraint of the
adherend surface the stress conssntration should be greater
at the interface, The explanation may be extended further
to the phenomena ossurring during the aotual deformation and
rupturing of the test specimen, It i1s suggested that for a
given load, the thicker the specimen the greater the

*necking" of the adhesive, (Consequently, at the interfacs
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around the edge, a force is exerted having & tensile and a
ghear component, With greater necking this shear ocomponent
beoomes larger in magnitude, The theory suggests a fallure
or at least an initiation in shear and is supported by the
observance of peripheral rings of bare metal inoreasing in
width with the thickness of the adhesive film, This alsgo
suggeats that an extrapolation of the strength-thickness
curve to zeroc thickness is an extrapolation out of the shear
component; 1if so, "zero thickness" specimens would have only
pure tensile atrassés. The obasrvations on very thin films
(< 50 miorons thickness) indiocate eoheslve failure in the
film which would indicate also that thin film specimens
ghould behave in the same manner that bulk propertles of the
adhesive film do,

As will be ghown in the present paper the authors'
experimental evidence favors (o), with (b) exerting its

influence to some extent,
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IV. Meohanical Behavior of Polymeric Maberlals
Previously, 1t was suggested that "zero £ilm thiock-
ness" of a polymer-metal system should behave in a pimilar
manner to that of bulk polymers. Therefore, a brief dosoripé
tion of their general behavior is necesegary, |
(a) Qetormatiogu9'53.
The deformation hdhavior may be described by

a mechanical model, asocording to Puckett, as:
A

G, Dos G = modulus

% D = deformation

7,, ‘ !\‘ﬂ GZZDH' £ M = viscosity

#

Dwisc

I
s LJ}J L

The model has three components of the total defor-
mation:

(1) ordinary elastio deformation (Dyp) is an

instantansous elastlec response by alteration of the bond
angles and bond distances, The forces required td'aoaampliah
this are very high and are of the order of magnitude of
Young's modulus for metals, od 106 xg./cm.a, Such a deforma-
tion will appear or disappear on application or release of
the load, It is independent of temperature,
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(2) Highly elastic deformation (Dggp) 18 a retarded
elastio response which manlifeasts itself by ths uncolling of

a polymer chain, The end-to-end distances of such chains
Tollow & distribution law and also will have a definite
range of end-to-end distances for a given temperature, Such
a deformation requires energy to uncoll. the chain and energy
to overcome intermolscular interastions between points along
the chaln,

(3) viscous deformation (DVISG) is a flow phenomenon

manifesting itself in the relative movements of chains a;ong
each other., Such a deformation ocoours prinoipally near or
above the transition temperature and is analogous to the flow
of visoous fluids under an applied stress, Therefore, this
progoeas 1s dependent on the length of time of application of
the stress. | |
The total deformation may be desecribed by the
equation, which is the sum of the three displacements, as:

D = Dop + Dyp + Dyrgg

or

1]
nn_s....a,.é._.(l-efé')»«?.-t (7)
@ Gp 3
The bahavior may be described thusg: 1f a etress iz suddenly

impoged upon a polymer, there ooocurs an lnstantaneous elastio
responge of magnitude 8 This will be followed by the

LY

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1k~

uncurling and orientation of polymer molecules whioch is
termed a retarded elastiec response because 1t 1s time depend-
ent approaching at infinite time the value 8/G,. The fiow
phenomenon goes on from the beginning at the rate 3/73. When
the stress is released, theres results an instantaneous re-
covery, followed by & retarded recovery. The flow deforma-
tlon is not recovered, 8ohematieﬁlly it may be represented
by: A |

One would expect fro;}thia simpiied'model that the behavior
of & polymer would exhibit temperature and time effects,
For example, at high temperatures the material would behave
as & 1iquid of viacoslty’?} which would obseure the first
two oomponents, At very low temperatures the instantansous
response predominates, At in between temperatures all
three components come lnto play with the importance being
continually shifted to the retarded elastic and the elastio
element as the temperature is lowered,

Such effects are of utmost importance in a mechani-
eal test in which the experimental time scale and temperature
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may be varied at will,

(b) Molegular Weizht and Tensile Strenath,

To oonsider the tensile strength one mat eon-
pider the mechanism of fracture, Fracture may ocoocur in

elther of two methods or the ocombination of the two, viz:

! ‘ L
(a) (b) ) ‘

{

In (a) fracture has been depicted as rupturing primary bonds
while in (b) the fraoture is & result of slipping of chains
over each other ocausing & fraatﬁre line at the ends of the
moleocules, In a polymer in which there are astrong foroes of
interaotion between neighboring chains, it is quite possible
to have the cohesion energy higher than that of & primary
valence bond and therefore rapture may ocour by (a). Such
internal oohesion is promoted by moleoular symmetry and the
prssénna of polar groups or hydrogen bonding groups as there
are in polyamides and silk, On the other hand, an increase
in molecular welght produces & simllar effect simply by
offering per one polymer molecule nore 1nt;raotion centers,
The offect 1s more simply 1llustrated and more commonly
known for liquids., As the moleoular weight of a hydro-

carbon inoreases, e.g., the boliling point lnoreases, vola-
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t1lity decreases, éolubility decreases, eto,. This is a
reflection of the total intermolecular soéondary bonding
energy incoreasing with chain length, ‘Hilddbrand5n has
shown that the vaporization energy (AH.~RT) for n-butane,
n-hexane, and n-octane bear the ratios of 1:1,53:2,07,
based on n~butane,

Therefore, it may be concluded that as tho moleoc-
ular welght inoreases the tensile strength will increase at
a given temperature, Of course, since the thermal energy,
refleocted in vibrations, rotations, and trnnﬁlational move-
menta of segments or chains, incresses with inereasing
temperature, a polymer for a given molecular weight will
exhibit an inverse relationship between temperature and
binding forces, if only secondary bonds are the binding
foroes, |

It 18 pertinent to mention, at thls point, that
attempts have been m&de to caloulate theoretiocal tensile
strangths of polymaraa7'28’55. In all ocases, the caloulated
values considerably exceeded the observed values - some as
muich as 500 times., Several factors may oontribute to this
disorspancy: (1) All the bonds over the area of fracture do
not break simultaneously as assumed; the rupture of bond
inoreases the load on the others by ng where n is the
mumber of bonds to be broken, In this way, the break may be
propagated aecross the fracture line. (2) The structure may
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not be regular and it exhibits mioroscoplioc "flawa" whioh may
be very low moleoular polymers, volds, or impurities. Such
"flaws® are regions of high atreas oconcentrations whilch may
initiate fallure., The implications are that after initiation
a tearing type mechanism propagates the stress resulting in

fallure,

(o) Temperature Effects,

In order %o explaln the phenomenon of polymers
oxhibiting increased strength or bfittleneas at lower temper-
atures 1t should be agsumed > >° that the macromolescule in
the molten or dissolved state oan undergo two kinds of move-
mentas: (1) a masro-Brownian movement of the total molecule;
(2) a miero-Brownian movement oonsisting of vibrations and
rotations executed by segments of the molecule, The macro-
Brownlan movement 1q more or less free in thé plastioc state
or in solution hut oross links, e.g., by vuleanization,
prevent thia. The thermal micoro-Brownisn movements of the.
segmants continually deorease on gooling. Fewer and fewer
gsegments have suffleient energy to execute vibrations or
rotations and the material beoomes more viacous, Finally,
when it has cooled to an extent that the mioro~Brownian
movenent has praatioaily stopped, the material is brittle
and glasslike, Thig "freezing-in® takes places over & short
range of temperature and is characterized in two different

waya: determination of the second order transition point and
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determination of the brittle point,

(1) segond-order transition point (¥y). This
point manifests itself as a sudden ochange of the temperature
dependensy of many physioal properties such auﬁ specific
volum956, specific haat57, thermal axpanslonss, refractive
index5?, compressib111ty®0, ete.. It should be noted that
each of these methods utilized approximately the same time-—
scale, The viscous flow 1s the factor that ls kuppoaod to
be responsible for the manifestation of the sesond-order
transition point, That this is a thermodynamic singularity
has been the subjest of much debate and Aisoussion. It has
been shown, for oiample, that polystyrene exhibits a change
in the T, 38 the rate of ccoling 1s varied 1in specific
volume mosauromantnel. In fact, Boyer and epanaoréz have
shown that Tn disappears when measurements are suffiociently
prolonged (e.g., 15 hours) to reash equilibrium. This

temperature therefore may be detinadsa

as the lowest temper-

~ature at which an observable amount of viscous flow can
ocour under the forees acting on the system and within the
“$ime 1limits of the experimental technique employed. When
the rate of visoous flow, upon stiffening of polymer, becomes
too small under experimental oonditions, a Tm is found,
Generally, a msterial at the transition point has a vis-

cogity near 1013 peluansB.
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(2) Brittle point (T)). The basis of the brittle
point determinations depends upon the fant that as the tem-
perature is lowered the slastic propertles disappear and
eﬁbr&ttlomant ococura, In general, the material has to react
An a very short time during the applied test, If the
elastiolty is insuffioclient to yleld to this foroe by deforma-
tion, the nmaterial will break., Therefore, the brittle point
may be defined aasu: tomporataxe at whidh the time interval
required by the'apecimon to undergo the necessary deforma-
tion is jJust equal to the experimental timnaeala; At higher
temperatures, the time 1s more than sufficient to obtain a
plastic deformation of the sanple without breaking; at lower
temperatures tho'material oan not deform fast enough and it
breaks, |

The differentiation between the two temperatures
discussed 1s determined by the faot that the seocond-order
transition temperature 1s & viscous response to a stress
while the bristle temperature 1s an elastic response. The
brittle temperature (T,) 1is always greater than or equal to

The most important faotor that determines the
position of T, 1s the strength of the secondary bond ener-
310165. Nolecules with strong polar groups, whioh inorease
the secondary binding energles have high second-order tran-
gition and brittle-points, e. g, compare, polyvinyl aloohol
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(T = 759 0.) and polyvinyl acetate (T, = 26° ¢.).

(4) Plastisizer Effect.

The effect of a plastioclzer essentially is the
saturation of the aotive ocenters of the polymer chain and
the spreading apart of the ohains, By virtue of the reduced
interchain molecular attraction, a polymer is rendered more
flexible,  This process is that of external plastioization,
The same effect may be aooompiixhod copolymerizing an
inflexible polymer with a more flexible one (internal
plastioization), e.g., vinylchloride-acetate oopclymers,

As the percentage of plastioizer inoreases, the
physieal properties change., Of interest in thie paper is
the tensile strength which has been ahown by Boyar65 to he

(theoretically) related to the weight peroent of plastiocizer

by:
&, b = oonstante (8)
b
Tofl m 8 = = - ;!L_ ﬂé = NO, AVerage mol,
My wt, polymer

1(1 = mol, wt,6 plast,

In addition, 1t is predioctable that as the plas-

tinizer content increases, the gecond-order transition
decreases since the plasticizer renders the polymer less

brittle or decoresses the internal viscosity.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



RESULTS AND DISCUSSION

In Figure 1 are shown effeotive adhesion versus’
film thickness ourves for a polyvinyl acetate fraotion of
visoosity average molscular weight 225,000, The ocurves are
‘in all respects nimilar to those obtained with polystyrene
and pelyethylonalY. At thin film thickneases the effective
sdheslion is of the order of magnitude of the tensile atrength
of the bulk polymer and there is a'deorgaae in adhesion with
film thickness, Incoreasing the temperature deoreases the
effective adhesion and diminishes the rate of deorease with
film thickness., The same behavior is exhibited by three
other fraotions of molecular weights 147,000, 77,000, and
54,000, The molecular weights of the fractions were oomputed
from experimental intrindlec viseosities with the modified
S8taudinger equation using the constants reported by Wagnar67:

[”2]- 1.88 x 10°"% u0-58 (9)

The effeot of molecular weight on effestive
adhesion 1s shown in Figure 2 in which the data at 22° ¢,
are plattéd. 8ignifieantly, the data reveal a oritical
mﬁlouular weight above which the effective adhesion is not
inoreased to any extent, The only other data in the litera-

tura ruvoaling thia behavior, to the author's knowledge, is
that of ll.eLaronG6 on the adhesion of polyvinyl acetate to
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aluminum and regenerated cellulose, In Figure 3 a somparison
of the adhesion data obtained in this for 25 and 250 miorons
film thicknesses is plotted along with MoLaren's data versus
intrinsio viscosity. Both sets of data indicate a oritical
molecular weight, that corresponding to[7j7uv0.50 despite
the faot that the two methods of measuring adhesion are
entirely different and the substrates are different. In

| addition, Wiley and Brauorsg have shown that the second
order transition point for polyvinyl acetate is approximately
constant abovo[?ﬂ7 = 0,50 indleating 1ittle change in coche-
sive properties above this molecular weight,

In Figure U the effective adhesion extrapolated to

gero film thiockness 1s shown versus temperature for all four
molecular weight fraotions, If the *Shear-stress’ theory ae

presented on pages 10 and 11 represents the mochahism of
failufe, #zero-thickness® films should represent the bulk
polymer bahavior since the theory suggests that such fallures
| are cohesive, Data in Figure I show a decresse in strehgth
with temperature (& gquite raplid deorease for the higher
moleoular weight films) and a merging of ourves in range of
40° ¢, - 50° 0. At this temperature there 1s no significant
difference in the data, Misch and pioken®? in an inveastiga-
tion of elastie properties of polyvinyl acetate report that
sbove 50° ¢. no shange in the temperature dependency of the
foree required t¢ maintain a ;Qmplc in a given lsothermal

extension wag observed; below 50° 0. such dspendency wasg
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ohserved to undergo values from plus to minus, This would
indicate & change in elastic properties at about 50° ¢,
Tuokott7° reports an elastic temperature range for polyvinyl
acetate as 35°0,-45° ¢, Such a eharacteristio tempardture
nay be ldentifled with the ‘'brittle-temperature” or "freez-
ing-temperature’ of (lash and Berg71 reported for other
polymers and rubbers, 1In all cases, it represents the tem-
perature at which, upon approach from above, theres is &
transition from an elastio to a brittle state; this is
evidenced by a rapid inerease in modulus, Although there is
no detalled data on molecular and tensile strength dependence
of polyvinyl acetate in the literature, 1t 1s interesting to
view such data of Carswell, Hayes, and Hason72 for poly-
styrene, Their data show the same but less pronounced
behavior (at an unspeoified rate of testing) with a merging
at about 1066-0., about 24 0° above its recognized second-
order transitien point, Interestingly, the data show this
same behavior at 50° C. for polyvinyl scetate whose sesond-
‘order transition temperature is 2u° 0.-26° .73 7* _ 4 on ©
difference, Indeed, it is surprising that the difference
in both cases (24 @°) is the same beoause brittle points
vary with the rate of testing, However, 1t should be pointed
out that both polystyrene and polyvinyl acetate are similar
in the respect that they are linear polymers which do not
orystallize and do dlgplay elastic properties similar to
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rubber above its transition range,
In order to eatablish the relation between affectlive
adhesion and evidences of mpleoular woigg~.d1g§r1butlgg two
blends were preparsd as follows:
Blend A: Equal weight fractions of M = 225,000 and
M= 5%,000. The viscosity average moleo-
ular weight for blend was 148,000,

Blend B: Equal weight fractions of ¥ = 225,000 and
M = 147,000, Mp;ena = 180,000,

Although the average molecular weight for both blends is
larger than the 'oritlcalrmalooular woight" for adhesion,
the results (Figure 5) show blend A to have an affective
adhesion definitely lower (about 15%) than a sharp fraction
of ¥ = 147,000, On the other hand, blending of two fractions
both of which exoeed the oritical molecular weight has no
significant effect. This behavior of lowering effective
adhesion by low moleoular weight materials also parallels
the behavior found to Mark/o for the tensile strength of
gellulose acetate filaments,

The effeot of a plasticizer on adhesion 1s illus-

tratad in Pigure 6. The ourves are not necessarily parallel;
in faot, similar plots for 5° C. do not exhibit this paral-
leliam but instead show a decrease 1n slope with increasing
plasticlzer content (Figure 7). The presence of a plas-

tiocizer could produce several effsots, One adheelional effect

/
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1s that the decrease of effeotive adheslon versus film thick-
ness is legs marked for plastiolzed gpscimens which ocould be
attributed to the internal softening and the conseguent
ability to relieve stresses. This is xlluatratad partiou-
larly by the data at 5° 0. (Figure 7). It is also shown
that effective adhesion is congiderably reduced as the
weight perqant of tha plasticizer is increased, the largest
deorease oocourring in the initial inerement of plasticizer,
If adsorption oscurs at the interface this behavior 1s to be
antisipated, If no aaéorption ooourred st the interface one
would expeot & parallellism hetween "zero-thicknesg-fllims®

and bulk tensile properties of polymers, Boyarés'

glves the
following relation between tensile strength and plastiocizer
ocontent:: '
_ b _.w
T.8. = & T Y (10)
whers W is welght concentration of plastiolzer of molecular
welght LY and né is the mumber average molecular welight,

For Ny and ¥, constant, 1t reduces simply to:

7.8, = A - By (11)

Figure & illustrates the agresment of zero-thilckness-films
with this equation at both temperatures,

. The parallelism between thin film specimens and
bulk polymer may be extended further to inolude the time
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dspendence, Flgure 9 1llustrates data obtained for "zero-
thlckness® films ovér 2 rate of atrsna appliocation range of
approximately two orders of magnitude. The data represent
a linear relation between tensile strength and logarithm
of the rate of loading and evidenaes of 10% increase in
atrength for each order of magnitude increase in rate of
atress application. In the same figure, the author has alao
prasantéd the data of Findley76 to 11llugtrate the behavior
of cellulose acetate, Other wcﬂkors77 have shown a similar
inorease of 10% in strength for an order of megnitude in-
orease in rate of stress,

Thus far, all evidence presented points to a cohe-
sive mechanism of fallure for thin filme; for thicker films,
undoubtedly, both adhesive and cohesive mechanisms take
place, It has been observed that for thicker films () 100
miorons) that a peripheral ring of bare metal, inoreasing in
width as the film thicknese 1s inoreased, beoomes evident;
algo, such a peripheral ring ocours more readlly when
failure ocours at lower temperatures, Apparently, at low
temperatures the polymer is not able to raliavo'strasaea as

woll, which 1is oonaistaﬂt with polymer bshavior, Such a
failure is represented by a mumber of small islands of
polymer surrounded by a peripheral ring of apparently bare
metal - a ploture ccnsistent iith the observations of others,
notably Meissner and Baldaurhs. The appearence of these
peripheral rings may be considered as good evidence of, at
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least, initlatien of failure in shear, 8ince the ghear
strength of adhesive Joints approximates their adhesion
tenaile strength’®, 1t 1s quite possible that the shear
componsnt desveloped in the tensile test must have a consid-
arable value, A theoretiocsal stress analysis of the tenzilé
adhesion test would represent an important contribution to
our understanding of adhasloﬁ in general; howsver, nc such
guantitative treatment has been worked out to date, In

~addision, sinoe tha‘ult&mata strength is beyond the ordinary
theory of slastiocity for polymers, prospects for an early
uolufion of this problem seem poor,

It must be emphasized, at this point, that all
experiments in thie work were performed vith carefully
purified and frant;enated polymers and that the high effec-
tive adhesion wvalues are a direct consequsnce of this pro-
oedure. Figure 10 shows the results obtained with unpurified
parent polymer used in the fractionation. The adhesion
values are the same as for the 1owont (and smallest) moleocu-
lar welght fractions and exhlbit conaideradbly more scatter
The mean tensile adhesion strength compares olosely
(3520 p.s.1.) with the value of 3600 p.s,i. reported for
polyvinyl acetate - stainless steel by Delollis and others73.
The much lower strength of the unpurified polymer suggestsa
strongly that impurities are adsorbed at the interfaoce,
adversely affeeting the adheslion, 8Such adsorbed impurities
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depending on their soncentration, sigze, and loeation would
cause a wide distribution of results., The moet unfavorable

 looation would, of course, be near the pariphery of the
adherend surface whers the stress coneentration is the great-
est, As & preliminary test of the effeat of the adsorption
of impurities at the surfaoce, daa@noio acid tracéz ware
adsorbed :rom'néheptano on one surface only. In every case
fallure at a much lower value was cbserved to take place and
always at thet partioular surface for these specimens,

A more thorough inveatigation of the effects of a
preadsorbed film is shown in Flgure 11, Deoanoic acid was
presdsorbed from n-heptane solutiocns onto the surfaces at
differsnt coverages indicated as fractiona of a monolayer
caloulated on the basis of the geometriocal surface area and
the oross-sesctional area of decanoio acid as 20 square
anggtram179. The results are striking in that the effestive
ndhesion is deoreaged markedly with only traces of decanole
acld on the surface, An unusual behsvior of effective
tensile adhesion versus film thickness is also evident with
the inorease of adhesion with film thiockness, It should be
noted that the molding time for the data in Pigure 11 is
listed as one hour, A variation in effeotive adhesion versus
thickness at different molding times is i1llustrated by
Pigure 12 in whioch the data represent approximately 6 mono-
layers preadsorbed, For aAgivan film thickness and coversage,
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the adhesion increases with molding time, 1In fact, depending
on coverage, the adheslion inorsases with time and benomes ,
i1dentical with the blank run (no preadsorptien) at.aomo def-
inite film thickness, Also, one should emphasize that tests
made with only solvent on the gurface resulted in the sanme
surve ag the "blank” for a molding time of one hour,

Before discussing the above results, it 1s appro-
priate to introduce also results wit& perfluorodecanoisc aocld
preadsorbed filma, The crogs-sectional area 18 asaumed to
be about 2% square angstroms.' The offective adhssion versus
film thioknesas at various coverages for a molding time of one
hours is shown by Figure 13; for a glven coverage of 3,6 mono-
layers the effeot of molding time is shown in Figure 14,

Preceding the disoussion of these results 1t should
be emphasized that the test specimens are in every mechanioal
and chemiocal sense the same except thai the metal surface has .
been replaced totally or partially by a nonépolhr surface,

'In sdsorption of & non-polar aeid, as in the adsorption in-
| vestigations of Greenhillsl, Danlelsao, and others of long
chain polar compounds on metals, the ocarboxyl group is

attached to the surface presumably by hydrogen bonding and
the non-polar end of the molecule is standing up and, in this

case, in oontact with the polymer, The effeoct 1s essentially
that of replacing a méetal surface of high surface free energy
by a eurface of low surface free energy. It will be recalled
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that . thin films bonded to a metal surface have been shown
to fail in oochesion indipating the adhesive strength to be
rather high, Thermodynamically, an adhesive failure re-
quires

royd -

Rowever, with a preadsorbed film the oriterion for failure
ig adhealon
| Iy 7":: - J;/r
which 1; more sasily satisfied -inae a; g 18 qulte low, Con-
sequently, one might expeot adhesive falilure for preadsoﬁboﬁ
films, The data obtained agupports this qualitative'piaturo
and yisual observations of the specimen after fraoturs 4id
shéw apparently bare metal spots over the surface, In fact,
with polyethylene as the polymer, the films at about one
monolayer coverage seemed to fail at both interfaces almosat
simultaneously vith,tho metal surfaces being completely hare
of polymer and the polymer film almoet completely 4isjoined, -
The results with this polymer will be disocussed 1atof.

Ths phenomena of inoreasing adhgsion with increas-
ing film thickness mey be asoribed to diffusion of the pre-
qdaoﬁbed-aciﬁn into the polymer film., Az the film thickness
is inoreased the concentration of & givah amount of 2014 in

the film is less and the driving foroe (eoncentration on
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surface - aoncentration in bulk) is greater, Therefore, for
a given molding time and coverage one would have less "acid"
on the surface and a consequent inocrease in adheslon for
thicker films. Thia presumes that the adhesion 1s a funotion
of the surface not covered with the preadsorbed acids, Sub-
stantiation of this mechanism is given by Figures 12 and 1k
in which, for a given coverage, all curves for various mold-
ing times extrapolate to the game values at zero-film-
thickness, _

From the above, 1t becomes élear that zero-film- -
thiocknesses for various coverages are unique in that they
represent pure tenelle adhesion since shear stresses and
diffusional effeots are extrapolated out, To 1llustrate the
deorease of adhesion of zero-thickness-films with inoreasing
coverages, Figure 15 18 shown with the data for both decanolo
and perfluorcdessanocic acid, It is evident that both sets
of data may be represented by a single curve, This figure
suggeste aeveral conoclusions:

(1) The surface roughness factor is approximately
1.5 since the ourve tends to level out about that ocaloulated
coverage,

(2) The surface ensrgles of the two d1fferent pre-
adsorbed filme are approximately the same aince both ourves

are the same, particularly at ¢ = 1, where ¢ = iQE“
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(3) The purface ia heterogeneocus since the tensile
a.dhesio;\ being a funotion of coverage or (1 - ¢) might de
expected to decrease linearly down 3o ¢ = 1 if the surface
were homogeneous,

The first inference is sertainly logical qualita-
tively sino; the surfaces were ground and do exhibit ﬁeﬁka
and valleys, The second conelusion has heen verified by
heats of wetting of powdered solids covered by steario and

g to various coverages up to 6 = 1,

perfluorodecancic aoids
The heats of wetting at full monolayer coverages exhibit
practically no d4ifferencs; small differences in surface
energles would certainly be beyond the range of sensitivity
of this mechanloal type of testing. The third gonoluslon of
surface heterogeneity is not unlikely; a number of investi-
gaters52'57 in the field of adgorption have attributed their
results to surface hotarggsnsity. Halsey53, in particular,
has succeeded in deriving theorstiocal adaorptipn isotherma
agsuming an exponential distribution of surfaoe energiles,
Also, it should be mentioned that heats of wetting of water
on powdered go0lids covered with stearic acid and perfluoro-

decanoic acid £11ms®8 ghow a decrease of heats of wetting
with goverage simllar to the deorease of tenslle adhesion,
Although the heats (differential) of adsorption versus
ocoverage for gases on solids have been known for a long time
to exhibit this sharp decrease at amall coverages, the data
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of Rhodinss and Beebe and fStevens (311159) for adsorption

of N, on polyorystalline copper and iron, respectively, are
particularly informative, Rhodin showed that the differen-
tial heats of adsorption were greater at small coverages
than a simple sum of the Aifferentisl heats of adsorption
on the /1107, [100/, ana /1117 crystal faces of copper.

Ia view of this, the author suggests'tha posaibility of
adhesion being a tnnoticn of the energy distribution over

a surface, in partioculsr the number and the energy of aot;ve
sites above the average surface energy. This would be ocon-
gistent with Figure 15 when one considers that the greatest
peroentage decrease in adhesion (~«60ﬂ) cocours when ¢ = 0,07,
Atter @ = 0,07, the tensile adheslon decreases much less ‘
rapidly with inoreaging ocoverage,

As msntioned‘praviously, there are two methods of
testing the effeat of surface free energy on adhesion iith
preadsorbed filme: (1) ochange the preadsorbed film for a
given polymer, the results with this method have heen dis-
cussed; (2) ohange the polymer and eompare.the behavior of

- two polymers with the same preadsorbed film, In the latter
cage, the natural selection of & polymer wae polyethylene
singe 1t is non-polar and offers a aomparison with polar

polyvinylacetate, Figure 16 shows the results obtained with
a oaloulated coverage of 3.75 monolayers or an actual cover-

sge (assuming surface roughness factor = 1,5) of 2,5 mono-
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layers. The zero-film thickness effective adhesion is seen
to be 1000 p.s.1.; this value, as mentioned previously,
should represent true tensile adhesion with 4iffusional and
shear stresses extrapolated out.‘ The effect of polarity then
18 olearly reflected in the somparison with polyvinyl acetate
vhose effective adhesion under the snmé eonditions 1s 1750
pP.8,1, At the same time there can be no doubt whatscever
that the failures in this instance are adhesicnal; the
polymers in oohegion are readily uapdbia of sustaining muoh
higher lcads under the same stress-distribution. This is
olear when one oonsiders the zero film thickness effactive
adhesion of the blank runs - 2750 p.s.i. and 7000 p.s. i, -
for polyethylene and polyvinyl acetate respectively.
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SUMMARY

| The thin-film effeative tenslle adheslion of a
polymer-metal adhesive-adherend aystem has heen identified
with bulk properties of polymers. This establishes a
oohesive meohanism of fallure for thin films less than 25
mlorons in thiekness, With the visusl observations, after
fraoture, of periphersal rings inoreasing in width with
thickness of the film, this identification verifies the
tghear-8tress Thoery“ of tailﬁro. ;

The identification of thin-film adhesion with bulk
propertiea has hbeen demonstrated with meoleoular weight, tem-
perature, brittle point, molesular weight distribution, rate
of loading, and plasticizer oonﬁent. ,

The preadsorption of a film effeoting a change
from a high surface free energy surface to 6no of low surface
free energy has heen ghown to decrease the effective adhes-
1on‘60 to-75% of its original value, The deorsase was great-
est for polar polyvinyl acetate (75%) and lese for non-polar
polyethylene (60%). However, the adhesion of the more polar
polymer to a non-polar surface was greater than that ér a
non-polar polymer toc & non-polar surfacge, |

The deorease of adhesion with fractional coverage
of the surfane by decancic acid and perfluorodecanoic acid
was shown to be the same, However, the relation of adhesion

versus coverage was not linear but instead an exponential
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type relation similar to the variation of heats of wetting
on powdered solids versus coverage and to the variation of
the differential heats of adsorption of gases on poly-
erystalline mat;rlala versus coverage. The explanation of
the latter has been based on, and shown to be fue to, sur-
face heterogeneity., 8imilarly, the rapld decrease in
effective adhesion versus coverage may be attributed to
gurfacs heterogeneity. It should be noted that this
‘decrease in adhesion is much more rapid than that of the
heats of adsorptlon versus coverage, Buch & rapld decrease
also was noted with the heats of wetting data, The sug-
gestlion is that the amall percent of ¥active senters" on a
metallic surface contribute greatly to the overall adheslon
and adnorption takes place initlally at these centers ren-
dering these the least active with respect to adhesion,
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EXPERTMENTAL

Fractionation of Polyvinyl Acetats,
The technique employed in the rraofionation was

- sssentlally that of wagner67. Seventy-five grams orfduPant's
“Elvacet 40-15% was dissolved in 1200 ml, of acetone at
approximately 30° C. The solution was filtered through a
fritted glass suction filter to remove 4irt, lint, and
extraneous impurities. The resulting solution was allowed
to stand overnight in a constant temperature bath (30° ¢.).
The procedure congisted of adding the precipitant, (1:1 or
1:2)'wntor~mothanol, to the solution veiy slowly and with
oonntant stirring until a moderate opalescence was abserved,
At this point the addition was discontinued and the solution
heated about 3°-&° C. causing the golution to be oclear,
The solution was allowed to cool to bath tenporature with
constant stirring and then sllowed to stand overnight, ca
twenty hours, After this period the insoluble fraoction
sottled out as a gel phase, This gel phase was completely
separated by deocanting moast of the supernatant solution and
centrifuging the gel plus a small amount of remaining solu-
tion, Further controlled additions of presipitant produced
other fractions, The fractions prepared wers redissolved
in scetone and reprecipitated totally in a large amount of
water. The polymer frastions wers then dried to constant

weight under 3 mm. pressure and 40°-50° C. (about 3-4 weeks),
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The molecular welight of each individual fraction
wag determined by the viscoslty method uaing an Ostwald;
Ganhon-?onsko Sype viscometer, Determinations of viscosi-
ties were made at at least three concentrations; actually
the speoific viscosity was oalculated directly. Since the
viscoslty, with kinetic energy corrections, 1is raproaentad'
by | |

A, B = visoometer asonstants
N = AL - Bd/fi 4 = density
t = time of flow

and the specifioc viscosity ie defined by,

ﬂ?
& -1 where 7 = viascosity of solvent
Top = 72 A ,

the specific viscosity, assuming additive volumes of polymer

and solvent, is readily obtained, Using the values :zi?L-

~ at three concentrations and extrapolating %o zero concentra-
tion the intrinsic viscosity [ 7] is obtained whioh for
polyvinyl acetate is related to the moleculsr welght by

[/?]n 1.88 x 107 4068
The data obtained are given in Table I,
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Table 1 |
Fraotion Intrinsiec Viscoseity Molecular Weight
| ¥
A-1 0.79 " 225,000
A-2 0.59 147,000
A-3 0.38 77,000
A-b | 0.30 5k, 000
P-2,3,4 0,55 130,000
P-2 0.61 150,000

All other fragtions for subsequent investigations
were prepared and molecular weights determined gimilarly,

Preadsorption of Films,
Filme of long ohaln acids, decanois (A,R,) and per-

fluorodeoanolis aclds (M. M.M, Co,), were adsorbed an'tho
metal surfaces by pipetting a predetermined amount of solu-
tion onto the surfaces from a serologleal pipette graduated
in 0,001 ml, divieions and éllowing the solvent to evaporate,
The solutions wers prepared by weighing the solute with a |
gsemi-mioro analytiocal balance to the nearest hundredth of a
milligram and dissolving this in n-heptane (Phillips
Petroleun - Pure Grade, minimum 99% mol peroent purity).
Solutions of desired ooncentration were then prepared by

auaaa:livo dilutions so that & given volume gave the desired
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adsorption coverage, The cross-gsectional areas of tha.
molegules wers asgumed to be 20 and 28 square Jngstroms

for decanoic and perfluorodeoancis acids respeotively in

the caloulation of coverages based on the geometriocal

area of the surface,

Preparation of Test Specimens,
Oylindrieal plugs, 0,7500 inches in diameter and

0.500 inches in length, were ground on a surfacs grinder
yielding-a surface of about 1l mioro-inches - whieh is the
r.m.#, average height of the peaks, Other surface roughness
values were obtained by varying the sige and type of wheel,
All data reported are for a surface roughness of 14 miero-
inches except the data for preadsorbed films; the surfaoces
in these experimonts were 5 mioro-inches as determined by

8 profilomster,

: Attqr grinding, the nurraoe»wan covered with a
film of polymer by applying a one percent polymer solution
(acetone sas noivunt) with a camel hair brush, When films
were preadsorbed this step was replaced by the preadsorbing
step, Specimens ocovered with a polymer film were dried
"in vaouo'" at 30° C. for a period of one to two hours,

The plugs were assembled in a mold$9 and molded
with additional polymer powder giving rise to & polymer film
between two plugs viz:
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The molding tempersture was 260°-275% €. fer polyvinyl
acetate and 300° F. for polyethylene specimens, The speci-
mens preparsd were tested in a universal Olsen testing
machine of 10,000 pounds eapasity. To insure pure tensile
appnoation of load the set-up contained two needle-bearing
universal joints, one on each end of the specimen. A Bulok
engine mount consisting of a2 rubber pad cemented to two
metal plates was pulled in series with the spsoimen to pro-
vide a cushion effeat after fragture of the gpecimen, '

After fraoture, the polymer was dissolved from the
plugs with an appropriate solvent, By measuring the thlok-
nesges, tl and tz, of the plugs after dissolving the polymer
and measuring t before fracture, the polymer film was oal-
eulated as ¥ - (%; + 6,).

Por.high temperature testing, the test. speecimen
was surrounded by a split and hinged brass cylinder whose
inner surface was painted a mottle black and an infra-red
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lamp was directed towards the split. By varying the voltage
with a rheogtat and adjusting the distance rran the split,
temperatures as high as 80° 0. could be attained convenient-
1ly. Low temperatures were accomplished by use of a eopper
slesve which fitted sbout the sample and had a reservoir for
coolant, With solid 0O, in the reservoir temperatures as
low as -60° ¢, oould be attained,

All testing was done at a rate of travel of the
orossheads of 4,0 inches per minute except as othaerwise
noted,

Plastiolzation of Polymer.
The plasticizer, d4ibutyl phthalate, C.P,, was re-

di1gtilled and preealoulated amounts were introduced into &
geries of glass tubes containing polyvinyl acetate, The
tubes were evacuated overnight and sealed off, They were
subsequently placed in an oven at 150° 0, for 1% hours,
After this time Aiffusion was found to be complete in all
oases and the plasticized polymer could be obtained as a

homogensous mass,
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