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To Stick or Not To Stick:
Guide to Adhesion Measurement
for the Layman

By Dr. Rokart H. Lacombe.
Materials Science and Techaology, Conferences

INTRODUCTION AND
OVERVIEW

This two-parl article is a condensation
af & much larger wark! that deals with
the full range of adhesion measurarnent,
inzluding detalls of continuum theory, frac-
ture mechanics. measurement of intrinsic
stress, and several detailed applications. It
is assumed that most readars are not cor-
versait with the technical concopts of frac-
ture mechanics or continuurm theory, s, 10
establish a baseline of understanding, Fart
| will provide g brief tutodal on the most
relevant aspects of these topics befarg
wading inta the main discussion, Pat il
af the tutorial. to be published in the next
issue ol CoatingsTach, gives a Consurmer
Raparts-style evaluation of several adhe-
sion measurement rmetheds that are of
relevance io the coatings industry.

Applying a coating to a surface is a
sticky subject and at many times a very
slippery one too, The sticky aspect is obwi-
ous and needs ne further comment, The
intert of this tutcral is to give an overview
aof adhesion measuremait as a tool for
dealing with the slippery espects of apply-
ing & coating and ensuring that it stays
adhered, The egsential prablem arises
from the fact that adhesion is 8 basic
propemy of surfaces, to quote & famous
physicist: ~God created ratter; surfaces
were invented by the devil.”*

*frtrlbured to Waofgang Pauli, Semnan physclat
best knowin far his famaous guanlorm meshesnical
axclusion principle which is the basis forthe
cormnprassive slabllity of all matsar.

Surfaces are indeed devilish entiies,
especially for those who seel a guantita-
tive understanding of their behavior, This
arises from the fact that for nearly all mac-
roscopic gbjocts, the surface area forms
bt & very small portion of the total volurne
compared to the bulk and iz further sulbject
2 highly asyrnmetric forces and strongly
prone to contamingtion and a large variety
of defects,

This tutorial will deal wilth the science
and technology of adhesion measurement
with the intent of bringing the technical
aspecis of the subject down to a level com-
prehensible to the non-specialist whils in
ne way sacrificing the essential scigntific
content of the topic,

WHAT |5 ADHESION AND
CAN IT BE MEASURED?

There has been considerabls debate
in the technical literatwe concerning the
abowe guestion and it is certainly not our
intent here 1o further gxpound upoen what
has becn plowed cwer marny times bafors.
However, in groer to provide a certain
measure of perspective and to establish
a defensible position on this matter, it s
wiarthwhlle to &t ledst bricfly discuss this
problem. dne of the sarlicst overviews of
this issug was given by Mittal? and we will
take hig discussion as a starting point.
The basic argument comes down to what
one takes as the definition of “adhesion.”
Mow, From a common sense point of view,
ang would like to think that adhesion is
a simple matter of how well two different



materials tend to stick together and that adhe-
sign measurement is same indication of the forge
required to separate them. Although this approach
may suffice far the “man in the street,” it runs into
sericus difficulty when ohe tries to arrive at g more
seientific definition of adhesion that can be ussful
for engineering purpses. & truly useful definition
of the term adhesion needs o have the following
propertiss:

CEFIMITION A—Crdterla for a Truly Useful
Definition of tha Term Adheslen:

If we say that "%" is the adhesicn of material
A 1o material B, then it should have the following
characteristice:

1. “X" has the same meaning for all practltic-
ners who would stick A to B;

2. KU is unambiguously measurable by ong or
more cammanly understood methods; and

3. Knowing *xX7 allows the praciiticner to pre-
dict the loading conditions which will cause
material A to delaminate from material B

Many would agree that the above is certainly a
wirthy definition of the term adhesian, but it unfor
tunately runs into & number of difficulties in practice
due to the slippery aspects of the scisnce of adhe-
sion discussed previously, For Instance, considar
propesition 1. where twa investigators are attempt-
ing 1o adhere coating A to substrate B assuming
all conditions are identical, except that the first
investigator is interested in very thin coatings, less
than a micrameter, wheraas the second investiga-
tor is interested in thick coatings on the order of
several hundred micrometars, It can easily happen
that investigator 1 will ohserve excellant adhe-
sion, whergas investigator 2 will experience savere
delaminatlon prablerms. The important issue to be
aware of in this example is that the driving force for
delamingtion due to residual stress in the coating
increases in direct proportion 1o the coating thick-
ness and, thus, investigator 2 is at least 100 times
more ikely to experience delamination problems
than investigator 1.

A zecond difficulty arises with the second
propositlon veguiring that the definition enakle the
use of simple and unambigucus measurement
procedures. From the point of view of the practical
practitioner, this |s quite likely the most important
property one would desire in any truly usable defl-
nition of the term "adhesion.” However. the two
qualifications of being both almple and unambigye-
ous tend to be mutually contradictory in that a truly
simple test is not [Kely 1o B unambiguous since,

in the senice of simplicity, a number of imporant
details will be either omitted or glossed over. The
truly unambiguous test will specify in great detail
the conditions of sample preparation, including
cleaning procedures and control of material proger-
ties, as wall as a precise specHication of loading
conditicns and cottrol of the amblent environment,
Observing all of these caveats will tend 1o undsr-
mming the goal of achieving simplicity. Clearly, any
truly usahle definition of adhesion will have to seek
an approprigte balance between these two crlterla.

Finally. praposition 3, requiring that our defini-
tion have troe predictive power, again comes into
canflict with proposition 2, slnee in order to obtain
a truly predictive measure of adhesion one must
clearly give the utrmost attention to all the details
which will ensure an unambigucus result. Doing
this will clearly sacrifice the goal of achieving
sirmplicity. [y addition, to be truly predictive, the
measurements have to be fully quantitative and
consistent with detailed calculations. This implies
at a minirmum the use of fragture mechanics meth-
ods and the continuum theony of materials. Rather
than belabar this point any further, we frame the
following definitian:

DEFINITION B: ADHESION—We say the adhe-
slon of materlal A te material B in such and such
hased on the following criterla:

1. The adhesion of Ato B is 8 relative figure of
rerit indicating the tendency of A to stick
of bind to B derived from an observation or
measuremeant that can be entirely qualita-
thve, semiquantitative, or fully quantitativa.

2. The preclse meaning of the term is entirely
dependent on the details of the mea-
surement, technigque employed and the
exparimantal and environmental conditions
under which the measurement was mads.
This leads to a hierarchy of definitions.
Thus, gualitatively we might say & has good
adhesion to 8 based an the abservation
that A was néver absered 10 separate
from B under a variety of commaen loading
conditions. & semiquantitative statemeant
of the adhesion of a coating of material A
onto a substrate of material B might indi-
cate that 2% of the coating was removed
during a “scoteh tape” test. Finally, a fully
quantitative statement might conclude
that the adhesion strength of A to B is 10
Joules/metert based on a double cantile-
ver beam experirnent camied out at 50°C
under 40% relative hurmidity.
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A SHORT TUTORIAL ON TERMS AND
DEFINITIONS FROM ELEMENTARY
FRACTURE MECHANICS AND
CONTINUUM THEORY

Guide to Elastic Behavior of Materials:
Continuum Theory 101

Before beginning the review of adhesion mea-
surement enathods, it will be helpful to examine a
few of the concepts and definitions from contin
uum theory and fracture mechanics which under-
lie all adhesion measurement techrigues and
are important for a proper understanding. Much
unnecessary confusion arscs from a proliferation
of units used to quantify adhesion measurements,
such as psi, dynes/om?, gm/mm, etc. To establish
a camenon framework for discussion, the interna-
tivnally accepted and commaonly used S| units® will
he adopted as follows:

Force should be given in Newtons (N} One
Mewton is approxdimately the force exerted by a
100 pmoweight in Earth's gravitational field, which
is clogse to the weight of a standard-sized apple.
Thus, if you are holding a normal sized apple, it is
weighing down on your hand with a force load of
close to one Mewton.

Stress is a force distributed uniformly over
a surface area which is measurad in square
meters (mh Our unit of stress is thus a Newton
par square meter, or Nym?, commonly called
a Pascal {Pa}, named after the famous French
philosopher Blaise Pascal (1823-62), mathemati-
oian, physicist, and religious philosppher. He was
the founder of the theory of probabiiities, but is
best known tor his work elucidating the theory of
hydrostatic pressure.

A typical apple does not weigh much and if you
spraad that weight over a square meter, it exerts
an almest nedliginle pressure. In fact, 1 Pais a vary
amall stress indeed, being roughly 100,000 times
smaller than the atmospheric pressure squeezing
on Al of us who are sitting not too much above sea
lewel, Thus, stresses exerted in adhesion tests ars
typically given in kilo Pascals (107 Pa) (abbr. KPa)
and the residual stresses in solid badles are nor-
rmalky quoted in mega Pascals {10% Pa) (abhkr, MPa).

We will alse need the concept of enargy, which
is useful in describing the work needed to rermove
a coating from a surface, In Sl units, the unit of
enardy is the Joule, named after James Prescotl
loule (181859}, the Brtish physicist who estab-
listied that all forms of energy were basically the
same and interchanggable--the firgt Bw of therma-
dynamics, A loule is the Sl unit of energy. equal to

*& systarn of physical units, based on the melar, kilearam,
second, ampere, kel candela, and more.

the work done by a force of ono Mewton when its
paint of application moves one meter in the direo-
tion of action of the farce, thus 1 Joule equals 1
Meston-meter.

It i= useful to note that a stress can also be
thaought of as an energy density since M/ m?=h-
M =Jaules/m. This is & very useful notion when
dealing with problems of fracture and delamina-
ticen, &s we will see later.

Finally, we will have to deal with the elastic
propertles of coatings and their substrates since
nesrly all adhesion measurement methods are
affected by these propeties. The following defini-
tions will be used henceforth.

All clastic ohjocts, when stressed by some
external load, will deform by compressing or
extending depending on the loading details. The
simplocst cose is where 5 slender rod is pulled slong
its lengthwise aris. If the unstressed longth of the
rod is L and the load lengthens it by some small
amaunt AL, then we define the strain to be e=AL7L.
The =train is clearly dimensignless and in nearly
all cases invalving coatings also quite small, being
on the order of about 0.01 or less, In the case of
our simple rod, thers is 8 very handy relationship
hetween the applied axial stress and the result-
ing strain. called Hocke's [aw. This is named after
Robert Hooke (1635 1703), the English sciertist
who formulated not only the law named after him,
bt remarkably, also proposed an undulating theory
of light, introduced the term “cell” to biology, pos
tulated elligtical orbits for the earth and imoon, and
proposcd the inverse square law of gravitational
attraction. Sirmply stated, Hooke's law is given as:

ay o = F £, "
By e,= —v g

Enuation {1a} is 1he standard version of
Hooke's law, simply stating that the applied stress
is propotional 1o the imposed strain. The con-
stant of proporticnality is the Yound's rmodulus E,
named after Thomas Young (17 73-1829), English
physicist, physician, and Egyptologist. Apart from
hig waork in edasticity, he camributed o the wave
theory of light and also played a major part in the
deciphering of the Rosetta Stone- yet another
patyrnath from the 18th and 159th centuries, Since
the strain is dimengicnless, the Young's moduius
must have the same dimensions as the stress
and is in fact cormmonly measured in Giga Pascals
(GPa=107 Pa). Typical values of the Young's modu-
lugs for common materials are:

*  Rubber E=10-4 GPa

= Engineering Lhermoplastics E=1-3 GPa
*  Window glass E=70 GPa

* Aluminum E=T0 GPa



= Siee| E=200 GPa
+  Ceramic E=350 GFa
«  Diamond single crystad E=1000 GFa

Equation { 1b) completes the descriplion of ane-
dimensional elasticity by defining Poisson's ratio
“y.” named after Simégn-Denis Poisscn {1781-
18407, the French mathemalical physicist. His
major centribuwtions were in prabability theory and
glectrostatics, where he developed the well-known
Poisson equation governing the electrostatic poten-
tial arising fram an arbitrary chargs distribution.
Poisson’s ratic tonds ta lie in the range of 0.2 1o
0.4 for most materials and describes the fact that
when a strip of material is stretched in the axial
direction, it must also contract in the perpendicuiar
direction by an amont given by eguation {1t).
This is a small and largely ignored effect in one
dimension but stars 1o play a significant role in
two dimensions, which is the case of mast interest
for coatings. For coatings in Lwo dimensions, @qua-
ticns (1a and 1b) generalize to:

e
R
o =0 )
= —
* 1—v

£ = Planar shrinkage strain

3, and 0, Measure the in-plane biaxial stress and
the porpendicular component o is zerc everywhere
exncent near eddes antt other discontinuities. The
plarar shrinkage commanly arises from the ther-
mal expansian mismatch betweoen the coating and
the subwstrate but can also arise from solvent loss
and various chemical reactions. We see from equa-
tion (23 that the Poisson ratio now plays a more
sighificant role in Soverning, the stress in coatings
and can increase the stress by a factar of 1.5 10
1.7 for mast matgrials.

Guide to Cracking and Delamination of
Coatings: Fracture Mechanics im

With the rudiments of elasticiy theony behind
Uz, wie move on 1o Lhe modern Lheory of malerial
fallure: Fracture Mechanics. Fracture mechanics
theory comes about to address one of the funda
mental conundmims of elasticity theory, which is the
fact that it is riddled with singularties. In essonos,
when madeling he stress and deflormation bebawior
of & etructure such as g muttilevel laminate. classi-
cal glasticity theory unequivocally predicts that the
stress can be infinite near any Kind of sharp discan-
tinuitizs such as cracks and sharp cddos.

Figure 1 illustrates this problemn far a uniform
coating on a righd disk. The normal stress compos-
nent 4, is 2era in the interior of the disk as pre-

ey =
i
g 4o
£ sl
&
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E
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| § i L |
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0 & FROM CENTER OF DISK VR X 100%

dicted by equation (2}, but this equation holds anly
for an infinite coating with no edges. For g finite
disk, the edge represents a sharp discontinuity,
and in conscguonce, clasticity theory predicts an
unbounded or infinite stress level &t this point. This
cormes abeut because continuum theory assumes
all matter is homogeneous and continuous down 1o
the srmallest dimensions imaginable, which clearly
breakes down at the atomic and malacuisr level,
Movertheless, even at dimensions as small as

10 nanometers (1 nanometer=10% meters), con-
LGt theary Eives an excellent appraximation to
reality since even at this small dimension, atomic
and malecular matter are 5o densely packed as

1o behave as a uniform centinuam. However, the
ouestion still remains as te how to deal with the
singularity problem and the answer ligs in dealing
with the elastic strain energy as cpposed to foous-
ing or Lhe stress level,

Figure 2 illustrates the problem for a sharp
crack. The figure illustrates a sharp crack and we
have posilioned a coordinale systern at the crack
tip showing the radius vectar r giving the directicn
and distance from the crack tip to any pont in the
material. The basic finding of elasticiy heory 15
that the magnitude of the stross ¢ varies as the
inverse square ront of the distance to the cragk tip
a5 Tollows:

T =

i
= (3)

-

Figure i—Mommal
stress distribution
in a unlform coat
ing on @ rgid disl
substrate of edius

R, The stress

increases without
brrund at the edge

of the disk.

Figiure 2—5ingular
stress field at the tip
of a sharp crack,
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The singular behavior is captured in the inverse
souare root dependence on the rmagnltude of the
radius vestor r, which clearly bacomes unhounded
as v tends to zero. The factor K hides all the geo-
metric and material complexities of the problem
and will depend on the detailed gecmetry and elas-
tic properties of the material. K is nonetheless a
finite number called the strees intensity factor and
i used to differentiate one tvpe of singularity from
anather, since the inverse square root dependence
an the radius veetor is & universal property for all
singularities whether they arlse from sharp edges,
cracks, ar whatever. Rememibering now that the
sfress can also be thought of as an energy density,
wa can ask, What Iz the contribticn of the singular
stress field near the crack to the total elastic strain
anergy in the solid? To answer this question, we
need to integrate the stresa field in equation {3
ower 3ome volime encampassing the crack. which
wiorks out as follpws;

K4V
H:I — =
[
8.2
4r:f(frd?ﬂ= i4
=
0 WY

I
mﬁj 2 dr = 4mEREE
L]

The main polnt of equation (4 is that the elas-
tic strain energy contributed by the stress singular-
ity at the crack tip is 8 finite number depending
on the stress intensity factor K and the slze of the
volume element surrounding the crack tip, i.e., the
singulatity disappears when warking with strain
energy as opposed o stress. This result sUggests
that one convenient way to circumyent the stress
singularity problem is to worlo with strain ensrgias
as opposed 1o stresses, which leads directly to the
cencept of the straln anergy relaase rate. Figure
3 Mustrates this concept in the case of a highly

GRAPHIC DEFINITION OF
STEAIN EFERQY HELEASE RATE

G = AU/AA

Flgure 3—=train energy release rate, dofined as
ratio oof tha increment of energy AU required to
separate an increment of area A& of 3 cazting
from a substrate,

streszed coating on a rigid substrate. The coating
has & high level of stored efastic energy due ta

a high stress level, This could arise from either
thermal sxpansion mismateh with the substrate
ot other shrinkage process such as solvent loss
or chemical reactlon which causes the coating to
try to contract, which it cannot do because it is
adhered 1o the immovable substrate,

Thermodyramically, the coating would like
to loweer s internal energy as much as possible,
which it can do through a defamination process,
The driving farce for this process is measured by
the amacount of internal enargy AU which can be
released per increment in newly created surface
area Ad. This rafic defines the so-called strain
energy refease rate G=AL/AA. Canfusion arises
many times because G is not a vate in time but
a rate of incremental change in internal elastic
ehergy per unit increase in surface area, & com-
panian to & is what is called the surface frecture
energy v. Since the coaling s bonded to the sub-
strate through intermolacular forces, delaminsting
an inzremenit of the coating renuires a certain
arnowunt, of energy to overcome these forees and
¥ messures the amaunt, of energy required for a
unit increrment of delaminated area o be created.
Thus, G has to be at least as large as v for delami-
nation o accur. IFG is less than y then there is not
entugh elastic energy available to advange delami-
nation and the process is arrested,

Similar kinds of arguments can be invoked far
those who prafer to work with stresses instead
of enargies. In the stress farmulation, the stress
intensaity factar K is the prirne guantity of interest,
K is said to measure the strength of the stress
slngularity with larde values of K corresponding to
dangerous cracks that are likely to propagate and
small values corresponding to relatively benign
flaws that are likely to remain arrested. Analogous
to the enargy formulation, ane can speak of the
critical fracture toughness W, a5 a measure of
the steength of @ material in resisting crack propa-
gation. Thus, if the stress intensity factor K at a
crack 1ip is less than the fracture toughneszs of the
rmaterial K, the driving farce propagating the crack
is too weak and the crack is said to be arrested.
Interestingly enough, through some miracle of
mathematleal prestidigitation, the concepts of
strain energy release rate and stress intensity fac
tor are fully equivalent, and, in fact:

by =(1— 1"2)% =)

Thus, ang can work in either the strees formula-
tion or the energy formulaticn and use equation (5
to corvert between the twao, if necessany. Eguation
i) also brings us to one final technical point which



requires elucidation. Note that equation (5) involves
the quantities G, and Kl, which are referred to as the
mode | strain energy release rate and stress intensity
factor. There are also mode |l and mode Il versions
of these quantities and all are required to cover the
allowable loading configurations which are possible.
Thus, mode | behavior occurs when the material is
being separated in pure tension, as when one pulls
on the ends of a string. Mode |l refers to the case
when the loading is in pure shear, as when trying to
slide an object over a sticky surface. Mode Il is a
rather more arcane situation of a shearing type of
motion perpendicular to the direction of crack propa-
gation and is observed in rather rare situations. The
Velcro® fastener material gives a ready illustration of
the difference between mode | and mode Il loading
situations. A Velcro joint is highly resistant to mode ||
or shear loading but separates readily when loaded
in mode |, explaining why your ski jacket remains
tightly closed when in use but opens quite easily
when pulled apart in pure tension.@

Part Il of this article, to be published in the
September issue of CoatingsTech, provides an
overview of the most common adhesion measure-
ment methods.
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