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In the last two decades a substantial amount of research has been
carried out on the physico-chemical aspects of adhesion. However,
this phenomenon when related to organic coatings on polymeric

substrates has undergone only limited study.

This research primarily studies the adhesion properties of
polyurethane (FU) paint materials applied to a range of different PU
substrate materials. Sane PU coated polyester substrates are also used
to provide a more complete understanding of interfaces produced. The
coating of substrates has been by the traditional technique of post-
mould coating (PMC) and a relatively new technigque of in-mould coating
(IMC).

This thesis gives a review of the chemistry of polyurethane and
related materials, the surface coating of plastics with special
emphasis cn the need for protection of PU products, the theories of
adhesion and the concepts of wetting and surface thermodynamics. The
materials, equipment and techniques used for the preparation of IMC
and PMC mouldings are also described.

A number of physical and chemical surface analysis techniques are
carried out on original and coated substrates to determine the

thermodynamic properties of solid surfaces.

-~ ) -
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Various mechanical tests are employed to measure the strength of
atdhesion in coated substrates and to evaluate the modes of failure,
including tensile adhesion pull-off, instrumented falling weight
impact and hardness. The feasibility of thermal analysis techniques is
examined and the results of differential scamming calorimetry (DSC)
and dynamic mechanical thermal analysis (DMTA) reported. The nature of
surface topography is examined using electron microscopy and X-ray

microanalysis.

It is concluded that mechanisms promoting interfacial bonding of IMC
and PMC systems are based on a combination of adhesion theories. For
IMC systems some potential for chemisorptive bonding may be expected
if free isocyanate and hydroxyl are present on both surfaces. For PMC

systems considerable potential for dispersive and polar forces may
exist.

It is argued that interfacial interaction between PU or a polyester
substrate and a PU based coating depend on processing conditions.
However, to optimise adhesive bonding the physical and chemical
activity of surfaces must be maximised during processing. The owverall
results indicate that IMC mouldings are generally superior in terms of
their interfacial and adhesion properties to PMCs.

iii
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CHAPTER 1
INTRODUCTION

Although polyurethanes are of relatively recent origin as far as
natural and synthetic polymers are concerned, the chemistry of organic
isocyanates dates back more than 140 years. A. Wurtz synthesised an
aliphatic isocyanate in 1849 and described several simple isocyanate
reactions which are among the most important reactions used
camercially to this day. Over the years several different methods
for the synthesis of aliphatic and aromatic isocyanates have been
developed and their reactions explored. However, it was not until 1937
that Professor Otto Bayer and co-workers in the laboratories of the
German I.G. Farben Industrie, discovered the dllsocyanate addition
polymerisation reaction which resulted in world-wide interest in
polyurethane and other isocyanate-based polymers. Ironically, it was
the Bayer team's initial effort in a competitive response to the
successful investigations by Carcothers of Du Pont on polyamides, that
had a considerable influence on the discovery of urethanes [1-3].

In ensuing years, polyurethanes have been constantly developed to meet
the needs of the various industries throughout the world. These
charnges reflect the dynamic character of the whole polyurethane field
because of its wversatility which reflects innovations in raw

materials, processes, technologies and applications.

The main types of polyurethane products positioned in a property
matrix relating density and stiffness are shown in Figure 1.1.
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FIGURE 1.1: Property Matrix of Polyurethanes [4,5]

At the beginning of 1990, the world market for polyurethanes stood at

5 million tomnes with best estimates suggesting a steady climb to 6

million within the next five years. Burope's consumption accounts for
around a third at 1.5 million tornes, but is expected to reach over
1.6 million tomnes by 1993, showing an average growth of 2.7% Pa
between 1988 and 1993 (the period of the report) [6]. The European
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polyurethane market by end use and country for 1988 are shown in
Figures 1.2a and 1.2b. The world PUs industry standing at the end of
the 1980's is also shown in Figures 1.2c and 1.2d.

a European polyurethane merket 1988 b Eurcpasn polyursthane market 1983
hz +nd use -— by country
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Foolwear

S

Appliances P"m"g .
5.4% Plart & pipework [y Benelu .
5% . 101 ’.‘ Spain 1IN
¢ World polyurethane market by “Toal world polyurethane market
== rerritory. =  byindustry.
Antowotive Zﬁz Foolwear Ll

Weslern
Europe Furniture snd
E% North America nattressen )22

34%

Plek-gj,ns 2’/.

7 " Japan 10%
Comatruction 15’. Coatings, -dh--tv‘-,-euutl
Restof world 18% snd encapsulanta hf
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FIGURE 1.2(a to d): European and World PU Markets [6,7]

It is expected that flexible foam remains the largest single sector
during the 1990s, although its importance is in decline. At the start
of the 1980s, flexible foam acocounted for over half of the total PU
consumption, but that had slipped to under 40% at the beginning of the
1990s. Rigid foams are expected to increase their share of the
Burcopean market by an average of 3% pa during the early 1990s, mainly
through application in buildings and refrigerators.



Further growth is forecast for the RIM/RRIM (reinforced reaction
injection moulding) polyurethane sector, at a rate of around 4% pa on
average. In particular, there should be potential for still more RIM
PU from bumper/fascias which account for up to half the market for
automotive RIM in Europe. The European PU markets by product for 1988
and estimated values for 1993 are shown in Table 1.1:

Product 1988 (Kt) Growth, %~ 1993 (Kt)
Flexible foam 576 2 635
Rigid 375 3 435
Integral skin foam 34 0 34
RIM/RRIM 46 4.4 57
Adhesives 68.5 1 72
Sealants 15 5 19
Paints and Coatings 180 4.1 220
Elastomers 120 3.6 143
TOTAL: 1414.5 2.7 1615.0

* Average annual rate, 1988-1993

TABLE 1.1: Eurgpean Polyurethane Markets by Product [8]

Polyurethane (PU) foam products are now manufactured to meet demanding
end property requirements and to compete with other polymers. For
external uses, cammon PUs, i.e. those based on aromatic isocyanates,
are prone to environmental attack, promoted by ultra viclet and

oxidative degradation. Increased resistance can be protected by the
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incorporation of anti-degradants but these have limitations. Equally
the use of non-aromatic isocyanate based foams is commercially
uneconamic [9]. Therefore protection is essential for PU foams for
most applications and this is achieved by applying a stable surface
coating. The surface coating also enhances the use of the substrate by
widening the range of colours and shades, hiding moulding defects
(e.g. striations) and generally improving the aesthetic appeal of the
product.

The surface coating material instead of the substrate material must
promote certain stability in the overall moulding. Generally the
coating will supply the resistance to chemical degradation, the
substrate supplying the physical properties. The surface coating of
plastics is more fully reviewed in Chapter 3.

In the isocyanate contest, the trend towards MDI (4,4'-diphenyl-
methane diisocyanate) and away fram TDI (toluene diisocyanate) is
continuing in the 1990s [6]. MDI is forecast to put on 7% growth per
annum against 2% per annum for TDI, suffering from concerns over its
relative toxicity. However the biggest growth is reserved for
aliphatic isocyanates at 10 to 20%, as the small sector expands,
especially for coatings and paints.

Commercial success of polyurethane coatings has stemmed from
cutstanding long-term performance cambined with low energy demand cure
characteristics (see Section 2.5). Figure 1.3 illustrates that the
energy requirements for high-solids PU coatings are much less than for
water-based enamels, powder coatings amd other high solid coatings
[10].
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The painting of plastics materials has attracted the imagination of
coating technologists for a long time, with the wvariations in
flexibility, plasticity and hardness that plastics offer, and the
problems with solvent attack and ensuring good adhesion between
coating and substrate [11].

Polymeric mouldings have been traditionally painted by the post-mould
coating (PMC) technique (see Section 3.4.1). It has been shown that
although acceptable results are provided in many cases, the technique
requires more labour, time and energy due to the number of preparatory
operations involved can make it uneconomical in certain instances. A



more serious drawback of PMCs from the point of view of aesthetic and
performance in service is, however, related to the problems associated
with their adhesion and the interfacial bonding formed between paint
and substrate. Due to these disadvantages, many of the industrial
practices evolved on a trial and error basis to improve the PMC
technique have not always proved suitable. As a result, processes
like in-mould coating (IMC) have been devised as a way round the
problem for certain PU moulding processes. In-mould surface ooating
is a relatively new technique when applying thermosettable surface
coatings (e.g. PUs, epoxides, unsaturated polyesters) to similar
chemically based polymers. In the IMC process, a liquid paint system
is sprayed by conventional paint-spray techniques into a clean, often
released mould and then, while it is still only semi-cured (i.e. after
the paint sclvents or thinners allowed to flash off), the liquid
substrate polymerisable ingredients are injected (see Section 3.4.2).
Possibly the most sophisticated system is the application of aliphatic
or alicyclic isocyanate based PU paint film onto an aromatic
isocyanate based PU substrate. Generally IMCs appear to have superior
adhesion properties {cf PMCs), although no adhesion studies had been
carried out on the system.

It should be noted that facilities in a factory providing post-mould
painted parts, cost far more in capital equipment, than incorporating
in-mould spray facilities into the existing moulding line. Waddington
[12] has estimated that for an uncoated PU part costing £9, IMC adds
£2 to the manufacturing cost, compared with an additional £8 for PMC.

The phenomencn of adhesion has a very long history. In ancient times
it was found that solids could be made to adhere strongly by

solidification of ligquids which had thoroughly wet two surfaces to be



Jjoined. Over the centuries numerocus explanations for adhesion have
been put forward [13-15] (see Section 4.2).

The scientific literature from the 1920s to the 1960s demonstrates the
quantity of theoretical papers which substantially advanced the
science of adhesion. However, it has been the improvement of
analytical techniques to adhesion testing over the last 15 years that
has resulted in some ocutstanding scientific analysis.

The adhesion of a coating to its substrate is clearly of importance if
the coating is to be retained under service conditions. This is
thought to involve mechanical interlocking (especially with porous
substrates), physically mixing (in the case of lacquers applied to
plastics) or chemical bonding/molecular atiraction (in the general
case of organic coatings applied to metals). Nevertheless, despite the
apparent advances in techmology, the adhesion is rarely maximised in
industrial applications.

Along with the concept of adhesicn, wetting and interfacial bonding
phenamena, developed in coated polymeric substrates and examined on
the basis of currently accepted surface science and thermodynamic
theories are of crucial importance (see Chapter 5).

As far as my literature search shows, little or no scientific study
has been carried ocut to evaluate the bonding in IMC and PMC systems.
Consequently with no full understanding of the bonding and adhesion
phenomencn no optimisation of processing to give the best adhesion
properties of coated systems has been possible.



This research primarily aims at studying the adhesion properties of a
nutber of IMC and PMC polyurethane substrates. Some coated polyester
substrates will also be used in order to provide a more ocamplete
picture of various types of interfaces produced. This research also
aims at applying the theories of adhesion and the concepts of wetting
and surface thermodynamics to same PU and polyester coated systems.
This will help to provide more evidence of any possible relationship
between the magnitude of the adhesion strength and the interfacial
effect and of some means of understanding the interfacial bonds in
adhesion joints.



CHAPTER 2
POLYURETHANE CHEMISTRY AND ITS RELATED MATERIALS

2.1 INTRODUCTION

As discussed in Chapter 1, this thesis is concermed largely with the
adhesion phenomena of PU paint materials applied to a range of
different PU substrate materials. This Chapter will first discuss a
chemical review of polyurethanes and the materials for conversion into
PU substrates and coatirgs. It will then review PU materials in their
forms of substrate and surface coating.

2.2 POLYURETHANES: A CHEMICAL REVIEW

0
Polymers based on urethane repeat units [-NH—?:—O—] , can be derived
from any of a large number of reaction mechanisms [2,16-20]. Much of
the chemistry of polyurethanes was described by Bayer et al in the
1930s. This provided a basis for the development of foams, elastomers

and coatings materials.

Generally PU structures can be changed by varying the proportions and
structure of the polyols, isocyanates, chain extenders, crosslinking
agents and reaction routes to from a number of prepolymers and

polymers.
The techniques camonly used in the synthesis of polyurethanes are

prepolymer, semi- or quasi-prepolymer, and one-shot shown

schematically in Figure 2.1.
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FIGURE 2.1: Different Technigques for Polyurethane Synthesis
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The prepolymer route shown in Figure 2.2 is the most widely used
method in the production of commercial solid PU systems, and in
particular used for PU elastomers. Initially the polyol (polyester or
polyether) with an excess of diisocyanate are reacted together to form
an isocyanate-terminated polymer of moderate molecular weight which is
called a 'prepolymer'. This prepolymer, normally a thick wviscous
liquid or low melting point solid of low or no strength, is then
further réactedwithadiolordiaminechajnextendertogivethehigh
molecular weight polymer.

Polyol*

oo R S
L

Diisocyanate Diisocyanate

w7 ////.-E,g WET7 e

¥

NCQO

Prepolymer
Chain extension Chain extension
with diol with diamine
4
Polyurethane with Polyurethane with
urethane linkages urea linkages

FIGURE 2.2: Prepolymer Route for the Production of Polyurethanes
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With the quasi-prepolymer method initially only part of the polyol
canponent is reacted with all the diisocyanate. The resultant partial
(or quasi) prepolymer is then reacted with a mixture containing chain
extender and the remainder of the polyol to give the final polymer.

The one-shot process is carried out by similtaneously mixing together
diisocyanate, polyol, and the chain extender (in the presence of

catalysts).

The most important reactions of isocyanates may be divided into two
main types:

i) functional group polymerisation of isocyanates with active
hydrogen containing campounds;
ii) oligomerisation of isocyanates.

2.2.1 Functional Group Polymerisation of Isocyanates with Active
Hydrogen Containing Compounds
The isocyanate group will react with a number of compounds having an

active hydrogen atam to result in functional group polymerisation.
These reactions are either primary or secondary types.

A, Primary Reactions of Isocyanates

In these reactions, o by-products are given off unless water or a
carboxyl group is present, in which case carbon dioxide gas is given
off [16,19,20].

13



With alcchnls:
I
RNO+R'-OH—— R-N-C-0-R"
urethane
With amines:
R-NCO + R' —NHz—vR-N-C—N—R'
substituted urea
With water:
" R-NOO + HZO ~——— [R-NH-OOOH] unstable carbamic
acid

[R-NH-COOH] ———= R-NH, + 0021

H O H

I
R-NG)+R—-NH,2——-R-N—C—N-R urea

With carboxylic acid:

[ I
R-NOO + R'-OCOOCH——+[R - N -C -0 - C - R']
anhydride

14



B. Secondary Reactions of Isocyanates
The isocyanate group can react further with the active hydrogen atoms
of the products of primary reactions either at higher temperatures or

in the presence of suitable catalysts:

H
R-NCO+R'—I!I-éli-O—R"—-—bR'—N—C-O—R"
0 ¢
Urethane H-I!J-R allophanate
H H H
R-ND + R - N - b N R R N G- N R
o -¢
Urea H—I!I-—R biuret

The conditions encouraging the formation of allophanates and biurets
in reactions mean that crosslinks and branches are produced in the
polymer, influencing the properties of polyurethanes.

2.2.2 Oligomerisation of Isocyanates

Isocyanates form oligomers, especially in the presence of basic
catalysts, giving wetidione and isocyanurate. OQligoamerisation can be
used beneficially in order to:

i) reduce wvolatility of moncmeric isccyanates and therefore reduce
the health risk from volatile isocyanates.

ii) control the molecular structure and hence specific end

properties.
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2R-NCO

/C C \ Isocyanurate
¢} \rfI / O

R

=0

NR-NCO Very strong base__ N -
Relatively low

High molecular
weight, linear poly-

temperature amide

2.3 MATERIALS FOR CONVERSION INTO PU COATINGS AND SUBSTRATES

The main components of urethane materials i.e. urethane coatings used
as the resin or "carrier"” in the liquid coating, and urethane
substrate as foams, elastomers and microcellular reaction injection
moulded are di~ or polyisocyanates and di- or polyhydroxy campounds.
' Both crosslinking agents (e.g. diamines), and catalysts (e.g. tertiary
amines and tin salts) are used to enhance properties and speed
urethane and side reactions. Auxiliary chemicals such as thinners
(normally organic solvents), flow aids, antioxidants, wetting agents
and pigments are common and important additives used in many urethane

coatings and substrate systems. Additives such as flow agents,
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bodying agents, flattening agents and anti-foaming agents are used in
many urethane coatings. The materials for conversion into PU
substrates and coatings have been reviewed in many articles [18,21-
25].

The common chemicals used in PU substrate and coating processing are
discussed in this section. The additional materia}s used for PU
coatings are dealt with in Section 2.4. Polyurethanes as substrates
and as surface coatings are discussed in Sections 2.5 and 2.6

respectively.

2.3.1 Isocyanates

In general, aromatic isocyanates tend to be cheaper and have a slight
edge in terms of health and safety. The purer grades of arumatic
isocyanates are most commonly used, either the mixed 2.4, 2.6 isomers
of toluene diisocyanate (TDI), or 4.4'-diphenylmethane diisocyanate
(MDI), having the chemical structures shown in Table 2.1 [16,19,

26,27].

Non-aramatic isocyanates are preferred to impart UV and oxidative
resistance particularly for external applications (see 3.2.1.1) but
the disadvantages of their relative higher price, limited reactivity
and increased health hazards must be considered.
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Chemical Name Structure Chemical

Abbreviation

CH3 ' CH3
Toluene diisocyanate NCO OCN NCO TDI
2.4 and 2.6 iscmers

NCO
4.4' -diphenylmethane- ' MDI
diisocyanate OC@H@NCO

: NCO
Naphthylene 1,5-diiso- NDI
cyanate
co
Hexamethylene diiso- OCN - (0-12)6 - NCD HDI
cyanate or HMDI
NCO

Isophorone diisocyanate IPDI

CH3 CZH3

CH3 CHo=NCO
Dicyclchexylmethane-4,4' PICM
diisocyanate 0CN<:::>CH2<::>>-NCO (HyoMDI)
(hydrogenated MDI)

TABLE 2.1: Diisocyanates

2.3.2 Polyols and Diols

Oligomeric hydroxyl compounxds such as polyester polyols or polyether
polyols are largely used in the manufacture of polyurethane products
[19,22,28].

The polyethers are used in about 90% of comercial polyurethanes [29].
They are most frequently manufactured by base-catalysed oligomeri-

sation of propylene oxide. Linear and branched polyethers may be
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prepared by using glycols e.g. polypropylene glycol and higher
functionality polyols e.g. glycerol as their initiators respectively.

CIH3 ?‘3 3 ?‘3 ?*3
2HO.CH.CH,.OH + GH, - cu Dase catalyst  yo oy a,0{cH,. (1.0} CH,, . CH.OH
X/ (KOH or NaOH)

O n
Monopropylene Propylene Linear polyether
glycol oxide
Cl“a
C‘}IZOH TH3 CH, +OCH,.CH --nOH
base catalyst - =
CHOH + - »
| C{Eit/}H {KCH or NaCH) ?H3
QH,OH i 10H,.CH + CH
L n
CH, ~§xﬂb.?{“ CH
Giy
n
glycerol propylene oxide branched polyether

Amine-terminated polyethers where the hydroxyl end-groups of polyether
polyols are converted to amino end-groups are normally used with
conventiconal polyether polyols. This is because their direct use with
isocyanates results in extremely fast reaction. During the last few
years, however, the use of amine-terminated polyethers has increased
rapidly due to their application together with hindered aromatic
diamines as chain extenders in the polyurea RIM process.
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There are also three main types of modified polyether polyocls used in
the production of polyurethanes. These are: polymer polyols,
polyurea-modified polyols, and pipa polyols.

Polymer polyols or polyvinyl-modified polyethers contain three types
of polymer: unmodified polyether polyol, the vinyl polymer and same
vinyl polymer grafted onto the polyether chains.

Polyurea-modified polyols are conventional polyether polyols
containing up to 20% dispersed particles of polyurea formed from the
reaction of TDI and a diamine. The dispersed polyureas may react with
isocyanates during polyurethane manufacture to give increased

crosslinking of the final polymer [30].

Pipa polyols (i.e. polyisocyanate poly addition) are basically similar
in concept to polyurea-modified polyols but they contain dispersed
particles of polyurethanes formed by the reaction, in-situ, of an
isocyanate and an alkanolamine.

The polyesters have been largely replaced by polyethers in the
polyurethane foam production, but they are still used for elastomer
and coating productions. The basic components are usually dibasic
acids e.g. adipic and sebacic acid with glycols e.g. ethylene and
diethylens glycols, for uncrosslinked linear polyesters, and triols
e.g. glycercl and trimethylolpropane, in cases where branched or

crosslinked polyesters are required [20,26].
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NHOOC.R.COOH + (n+1)HO.R'.0H—1D€3t _pod Rro'.C.R.C.O + R'- CH
dibasic acid diol 0] 0] n
+2nH20

linear polyester

CH

NHOOC.R.COOH + (n+1)HO.R'.OH + nHO-R"-OH —Deat

L

dibasic acid diol triol
HO.R'.O-+ OC.R.D.CR'0C.OC.R.C0.CR". H + 3nHzO

CH

branched polyester

However, the surface coatings used are based also on vinyl chloride
monamers  (CH,=CHC1), usually referred to as vinyl resins. The main
vinyl resins used in coatings are the copolymers of vinyl chloride and
vinyl acetate, but vinylidine chloride and vinyl-butyral alsc are used
[31]. Vinyl resins are often modified by hydroxyl groups in order to
increase their compatibility with other types of film-forming
materials such as: alkyd resins, urethane prepolymers, polyamides,
acrylics, etc. Due to this compatibility, many types of surface
coatings can be tailored to give improved properties for different
applications.
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2.3.3 Catalysts

Catalysts play a major part in the production of urethane polymers.
Catalysts will not only control the rate of the chemical reactions
responsible for chain propagation, extension, and crosslinking, but
they also influence the ultimate properties of the resulting polymers.
The number of catalyst systems for urethane products has increased
over the last 30 years. They include basic catalysts, either inorganic
basessudlassodimmdeorsodimacetateor, more cammonly,
tertiary amines and organo-metal compounds such as tin catalysts

[26,28].

The efficiency of tertiary amine catalysts depends upon their chemical
structure. The catalysts work by producing chemical rearrangements,
this generally increases as the basicity of the amine and the

accessibility of the nitrogen atom increases (Table 2.2).

Catalyst Structure Base Strength Relative
pKa Activity
Trimethylamine N(GH3)4 9.9 2.2
Ethyldimethyl- N'czHS(CHS)Z 10.2 1.6
amine
Diethylmethyl- N.CHy ( CoHg )2 10.4 1.0
amine
Triethylamine N.(CyHg)4 10.8 0.9
CH,— CH
2 2
Triethylene- / \
diamine, DABCD N - H, - cnz/-N 8.2 3.3

TABLE 2.2: Effect of Base Strength and Nitrogen Accessibility on
Catalytic Activity of Tertiary Amines [32]
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A number of metals in the form of organcmetallics are effective in the
formation of the urethane linkage. Tin campounds such as dibutyltin
dilaurate, stannous octoate and stannous oleate are particularly

effective.

Conbinations of tertiary amines and tin campourdds are particularly
used in the production of polyurethane foams, but coatings, adhesives,
sealants and other urethane based materials may alsc use these

catalysts in single or cavbined forms.

It must be noted that many of the catalysts lead to the degradation of
the PU products [33]. Therefore, a control on the type,
concentration, and amount of catalyst must be used in order to
minimise its degradative effect. The degradation is more sewvere in
cases where catalysts are unable to evaporate after production is
completed. In fact, often the products of degradation e.g. acids,
themselves have a degradative effect, i.e. autocatalysis, causing
accelerated deterioration in a degradable environment. Some
prepolymer systems for solid PU elastomers usually do not require
catalysts [34], e.g. "Adiprene".

2.3.4 Chain Extenders and Crosslinking Agents

In addition to two principal camponents i.e. isocyanates and polyols,
a number of diols, triols or diamines are used in PU coatings and in
curing the isocyanate terminated prepolymer in the mould by serving as
chain extenders and crosslinking agents [18,23].

It has been argued [35] that only low molecular weight polyols with a
minimum of three functionalities should be strictly called

"crosslinking” agents e.g. glycerol or TMP i.e.
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(3
Trimethylol propane HO—CI-IZ—(‘: - i, - CH f
CHOH

I
[F3)

whereas low molecular polyols with two functionalities should be

called "chain extender” agents e.g.
1,4-butane diol HO(G—I2)4OH f =2
and 3,3'-dichloro-4,4'-diamincdiphenylmethane (MOCA)
Cl
o <)
Cl

MOCA with £ = 4 though strictly a crosslinking agent is also referred

Hh
]
(-3

to as a chain extender when there is an assumption that the active

hydrogen groups have two different orders of reactivity and therefore
f = 2.

2.3.5 Blowing Agents
The blowing or foaming agents are used to form the gases which will

become trapped in the solid PU polymer, producing the cellular
character of the foam. The simplest blowing agent is water, which
reacts with isocyanate to form carbon dioxide, expanding the foam
[36].
H O
R—N=C=0+H20—-R—1I\I-E.IT—OH——’R-NHZ+(D2
[unstable carbamic acid]
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Although water is a satisfactory blowing agent for a wide range of
foams, it has some disadvantages:

1. The use of large amounts of water to produce low density foams
gives a very exothermic reaction, causing fire hazard problems for
the manufacturer. Today with the use of modern catalysts this
problem is almost overcome.

2. High water levels have a hardening effect on the foam due to the
formation of substituted ureas and biurets.

3. For PU foam systems based on MDI, water consumes MDI at a rate of
16 parts MDI for each part of water and is therefore a costly
blowing agent [37].

4, Hydrolysis and neutralising many metal salt catalysts.

In addition to water, low-boiling halogenated alkanes are used as
blowing agents. Of these, monofluorotrichloromethane, CClyF, known as
Refrigerant 11 or Arcton 11 (ex ICI), Freon 11 (ex Du Pont), a low
viscosity inert liquid which is volatilised by the exothermic reaction
to form gas bubbles is the most widely used. The problems associated
with using water only may be overcame by using a cambination of water
and CClaF. Since OC13F expands the foam by vaporising under the heat
of the urethane reactions, it reduces then increases the total heat of
reaction, thus bhelping to reduce the fire risk in processing. Also,
because it does not chemically react with the isocyanate it does not
have a hardening effect on the foam.
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There is a strong challenge facing the PU foam industry to eliminate
CFC blowing agents because of the effect of CFC's on the earth's ozone
layer. As a result, hydrogenated blowing agents (HCFC), are being
developed as possible replacements. The alternative blowing agents
(e.g. hydrocarbons) are inflammable and more difficult to .use in
normal PU processing. However, it seems inevitable that in the near
future the PU industry would have to respond even further to its
present environmental concerns. However, in the research work

described below CFC blown PUs were used.

2.3.6 Release Agents

During the formation of moulded PU products, high adhesive forces will
arise between the mould surface and the reacting PU system. This is
due to the reaction of any unreacted isocyanate groups with water or
moisture, and also possible hydrogen bondiryy formed between the urea
or urethane groups with any polar groups present. The reacting
urethane system is low viscosity, wvery mobile, and has high surface
energy. Therefore it will spread across and wet the mould surface and
while being low viscosity and mobile can find holes, cracks, porosity
etc in the mould. Therefore the release agents are used with most PU
mouldings to serve a number of functions [38-40]:

i) They must be strong encugh to allow the continuous, smooth film

to adhere to the mould surface

ii) They should be weak (i.e. poor cohesive strength) to ease the
removal of the PU moulded object

iii) Hence as the result of (i) and (ii), the flexible release agent
films must have adhesive and abhesive properties

iv) They must also have a low degree of crystallisation, high
chemical and oxidation resistance and be thermally stable.
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The release agents are used either extermally or internally to the
polymer. External release agents normally sprayed as a light coating
(i.e. ideally a few 10s of micron) into the mould open cavity for
smooth, more even films, will act as a barrier between the PU foam and
the mould surface. Intemal release agents are campounds either part
of the polyol or added to it prior to application and assumed to
migrate to the surface of the moulding during the reaction. They are
more effective with simple, less camplex moulds, but find use with
polyureas rather than PU systems.

Silicone and wax based release agents are the most frequent types
used. Silicone materials are available either as waxy solids, i.e.
_silicone resins and silicone elastamers or as liquids i.e. silicone

oils.

Silicone o0ils based mainly on polydimethylsiloxanes, having the
structural unit (CHy), Si0” are used both alone and in combination
with other silicone and wax based release agents. However using alone
it has limited application due to its defoaming action with low
density, hot-cured and high resilience foams. It is mainly used with
microcellular and high-density integral foam systems. Silicone resing
having Si0” and CHy Si0° as base molecular camponents are brittle,
crystalline materials which can be applied from organic solvents and
form very tough, strongly adhesive films., However, they canmnot be
used as PU release agents because they do not yield a gliding film due
to their brittle, crystalline character. Silicone elastomers also can
be applied from organic solvents forming thin films, Due to its
mainly amorphous character, elastic behaviour and ability to caombine
with silicone oils, silicone elastomers can yield a surface that has
good gliding and release properties.
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Waxes most widely used are polyethylene waxes having lower surface
tension than PU liquid reactants and with a low tendency to
crystallise. They are easier to degrease than silicone materials and
contamination problems are reduced. Nevertheless due to their build
up in the mould, regular cleaning is required. In response to many
manufacturers demands for having moulds with (semi)-permasnent release
properties, a mumber of trials have been made with polytetrafluorc-
ethylene (PTFE) coated moulds. Although PTFE coated surfaces show good
release properties due to their low surface tension, their release
effect diminishes oconsiderably after 20 to 30 demouldings and the
renewal of a PTFE layer is both costly and time consuming.

2.4 POLYURETHANES AS SUBSTRATES

Polyurethane substrates are unique in that variations in formalation
and processing conditions enable the end product to range from soft
foams to tough rigid materials. Growth of the PU use in the 1980s is
illustrated in Figure 2.3. Polyurethane foams, elastomers and reaction
injection moulded (RIM) types are reviewed here.

/2]
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Source: IC! Polyurethanes

FIGURE 2.3: Growth in Total PU Use 1980-1989 [41]
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2.4.1 Polyurethane Foams

The chemistry of polyurethane foam formation is complex and the

properties of the foam depend on the choice of polyol and its
combination with a particular isocyanate. The amount of water or
blowing agent, catalysts, and a balance of urethane and urea groups
and of crosslinking groups represented by allophanate, biuret and
isocyanurate linkages will affect the physical and chemical properties
of the final PU foam [42,43].

The PU foam reaction is an exothermic type where some of the 00O, gas
evolved due to blowing agent and isocyanate reaction is lost and some
of it retained to produce the porous character of the substrate. The
viscosity of the initial ingredients increase with the time of
reaction. The reaction of isocyanate and hydroxyl both being
difunctional produces linear polyurethanes. If the functionality of
either is increased to three or more, then a crosslinked PU is
produced. The more crosslinks the system possesses the harder the
foam. The degree of crosslinking can also be influenced by using more
or less than the stoichicmetric isocyanate requirement [44] e.g. an
index of 90 indicates a 10% isocyanate deficiency and an index of 105
a 5% excess over the stoichiometric requirement. The higher the index,
the harder the foam. PU foams may be divided into flexible, semi-
flexible and rigid types. Flexible PU foams have an open cell
structt.t;e. Semi-~flexible PU foams contain more than 90% open cells.
Most rigid PU foams have a closed structure, however, oOpen celled
grades are also used for specific applications.
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2.4.2 Polyurethane Elastomers

Polyurethane elastomers are. block copolymers, usually made by first
forming a low molecular weight prepolymer, and then building the
molecular weight with suitable chain-extending agents. Almost all PU
elastomers have the general molecular structure, (AB)n, with
altemating soft and hard segments. The soft or flexible segments, so
called because the molecular segments are flexible or soft at normal
ambient temperatures, are due to polyether or polyester diols. The
hard segments (i.e. rigid or hard at normal ambient temperatures) are
canposed of urethanes or urea linkages. The interactions between these
polar groups are important in determining the properties of PUs of all
types, and especially for the PU elastamers where local concentrations
of polar groups occur together [19,27,45-47]. Table 2.3 shows an
empirical estimate of the energies of interaction between some common
groups.

A wide range of PU elastomers commercially awvailable include
thermoplastic elastomers, cast (liquid) elastomers, elastomeric
fibres, one- and two-pack elastomeric coating systems, and millable
rubbers.

2.4.3 Polyurethane Reaction Injection Moulding

Reaction injection moulding, or RIM, is a relatively new high speed
processing technique that has rapidly taken its place alongside the
more established plastic processes [49-51]. The RIM concept was
developed in the early 1960's, and was first introduced to the public
by way of an all plastic car at the 1967 Internatiocnal Plastics Fair
in Dusseldorf, West Germany {52].
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TABLE 2.3: C(ghesion Energies of Groups Common in Urethane Polymers

[48]
Group _ Cohesion olume™
KJ mole” cm® mole™t
OH
1. Urethane I | 36.5 43.5
-0-C-N-
OH
2. Urea [ | 35.5 36.2
-C=-N-
3. Phenyl _C6H4_ 16.3 83.9
4. Methylene -G, 2.8 21.8
-C(CHg) - 7.9 65.4
5. Oxygen -0 4.2 7.3
0] 12.1 28.9
6. Carboxyl
-C-0-
o
7. Ketcone 11.12 21.6
-~

* Based on small-molecule 1liquids. The corresponding figures for
actual polymer specimens are less and the appropriate polymer
cochesion energies greater than the quoted values for the small-
molecule liquids.

RIM has been camercially used with urethanes since the early 1970's,
and is the fastest growing segment of the urethane industry
[41,53,54). Its growth rate mainly depends upon the car
manufacturer's acceptance of exterior body parts. Other important PU-
RIM products include: insulation panels, shoe soles, ski boots,
furniture parts, steering wheels, and housing for electrical and

electronic devices.
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The introduction of reinforcing fibres such as milled glass, and the
addition of fillers and pigments to impart special properties that
expand the engineering properties range and impart special finishes to
the surface have widened the range of possible applications. Alongside
urethanes, RIM has successfully been used to process epoxy,

polyamides, polyurea, polyester, acrylates and other polymers.

2.4.3.1 Wwhy RIM-PU?

The production of polyurethane mouldings in the RIM process only
covers a small part within the total aspect of plastic processing.
Nevertheless, some fundamental reascns make the RIM of PU's to be of
great importance [52,55-57]:

1. high reactive components catalysed for rapid polymerisation;

2. 1low processing aryl injection temperatures;

3. 1low injection pressures requiring considerably less mould clamping
force than for other injection moulding processes (Table 2.4). A
pressure no higher than a few bar is sufficient while conwventional
plastics require moulds able to withstand as much as 1400 bar
[58];

4. wide formulating possibilities permitting tailor-made properties;

5. short demoulding times even for large parts resulting in high
output rates;

6. relatively low tooling cost requiring less labour;

7. relatively inexpensive prototype moulds of reinforcing epoxy or
sprayed metal;

B. excellent surface finish, This is possible with better tools and
clamping facilities and closed loop RIM contxol, all of which tend
to increase the price of RIM.
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Projected Area

Injection Moulding sMC RIM

.2

in

400 1000 400 10

800 2000 800 20
1500 3750 1500 37.5
3000 7500 3000 75 .
6000 15000 6000 150

TABLE 2.4: Clamping Force, Tonnes [59]

As a result of reasons 1 to 3 listed above, it is evident that PU-RIM

needs very low energy (Figure 2.4),

making it more favourable to

manufacturers in the future as energy costs rise [60].

Rild/Baydur Rigld Polyursihane
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n - - - ]Ua;nuium
1,000 2,000 3000 4000 5,000 5.000 1,600 2.000 9,000 woee oo
BIU/in? (Faecnoch & Fueli¥
* 1 Btu = 1054.8J
FIGURE 2.4: Material Energy Requirements [60]

33



2.5 POLYURETHANES AS SURFACE COATINGS

The wide use of polyurethane coating materials in the paint industry
did not occur until the mid 1950's [61]. PU surface coatings are as
diverse in chemical type and in end uses as any other PU material. As

elsewhere, the ability of isocyanate material to react to form
polymers with many types of functional groups, and also the ease of

hydroxylation of many oréanic materials led to the vast number of

surface coatings said to be urethane based i.e. acrylics, silicones,

alkyds, epoxides, cellulosics and others.

PU surface coatings properties are characterised by the urethane along
with other functional groups in the main chain and crosslinks such as
ester, ether, urea and amide. Their uses include [62]: paints,
varnishes or lacquers, abrasion resist surfaces, leather-cloth,
barrier coats, inks and sealants. Depending both on the finished
product end-use and the type of PU, the thickness of a thin dry film
of PU coating may range from microns to centimetres.

2.5.1 Commercial Types of PU Surface Coatings

The term "PU surface coating" covers such a vast variety of product
types that a breakdown into different classifications is inevitable.
ASTM D16-82a [63], lists five general types of PU surface ooatings
which in turn can be split into two groups, the ane and two-pack or
camponent systems (Table 2.5). Powder coatings and 100% solid oocatings
are also used in many applications. Fuller description of paint
formulations and the coatings mechanisms have been reviewed elsewhere
[18,21,62,64-68], however, some of the important features of these
coatings are discussed here.
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2.5.1.1 One- and two-pack PU surface coatings
The one-pack PU coating may cure by air (oxidative drying), moisture
and heat to form urethane films., Oil-modified, moisture-cured and

blocked isocyanate types of one-pack PU coating are reviewed here.

The two-pack PU coatings consist of two reactive camponents. The A-
camponent being a polyocl or a prepolymer and the B-oomponent being a
chain extender or crosslinking agent [69]. Generally it is thought
that two-pack coatings will give superior properties over one-pack
systems, although both are greatly used in many applications. The
conditions and properties of raw materials and the reactions involwved
for the processing of two-pack PU coatings are reported in literature
[18,67,70,71], however, catalysed and polyol cured types are reported
here.

a) One-pack oil modified PU coatings

They are prepared by a drying oil being hydrolysed with glycerol or
penterythritol [21]. The di- or monoglyceride formed is refined and
reacted with isocyanate to give a low molecular weight urethane alkyd,
also known as "uralkyd".

0il + glycerol —+ monoglycerol
Monoglycerol. + isocyanate—;r urethane alkyd

The isocyanate content can be varied depending on process and end
property requirements. By increasing the isocyanate content i.e. the
shorter the oil 1length, the resulting film shows reduced
flexibility and impact resistance, increased hardness and solvent
resistance and shorter drying times [72]. Uralkyds are cured in the
same manner as normal alkyds, i.e. through oxidative drying. Metallic
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TABLE 2.5:

ASTM Classification of Isocyanate Based Coatings [76]

ONE~PACK TWO~-PACK
ASTM Type
1 2 3 4 5
Description Pre-reacted Moisture Heat Cured Catalysed Polyol
Urethane Cured Cured
0il Modi-
fied
Cure Oxygen NOQO+HHO NOO+HCOH NCO+H,0 FPolyol +
Mechanism NCO
Reactive No Yes Yes Yes Yes
Polymexr Prerecacted Prepolymer  Capped Prepolymer  Prepolymer
Type Isocyanate Prepolymer + Catalyst + Polyol
+ Polyol
Pot Life Unlimited Extended Unlimited Limited Limited
Pigmentatién Normal Very Normal Difficult Normal +
Difficult Additives
Uses Interior, Marine, Wire Leather, Mainte-
Wood, Leather, Coatings Wood nance,
Marine, Concrete, Wooden
Exterior Mainte—- Furniture,
Topcoats nance Marine,
Exterior
Chemical Good Very good Excellent Excellent Excellent
Resistance
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catalysts may be used to accelerate the drying. If fillers are used,
they should not contain stearate, which acts as a surfactant and can
prevent good adhesion [73]. This type of coating has been fully
reviewed in the literature [70,74,75].

b) One-pack moisture-cured PU coatings
PU cecatings belonging to this type are typically polyester polyols

reacted with excess isocyanate, to produce low molecular weight

urethane prepolymers with isocyanate-tipping. These will cure through
the reaction of atmospheric moisture with the terminal isocyanate
groups.

Polyol + excess Prepolymer with free + Moisture . oqyinked

isocyanate isocyanate groups - polymer
0 H
Il |
OH 0-C-N CHgy
NCO
.1
R—OH + 3@@0{3—R—0-C-N~Qa{3
NCO NCO
g 1
OH 0-C-N CHy
NGO
Trihydric TDI Triisocyanate
alcohol

bue to their ease of cleaning and stain resistance, moisture-cured FU
coatings have become popular in many aspects of floor coatings. A
fuller description of this type of coating has been reviewed elsewhere
[21,62,70].
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c) One-pack blocked isocyanate PU coatings

These coatings take advantage of the fact that the reaction between an
isocyanate and a monofunctional hydroxyl compound, such as phenol,
produces a ‘'blocked isocyanate' i.e. labile urethane linkage which is
unstable at about 150°C [21,64].

0
|

_' H
R—N=c=o+Ho©fw“tmam=R-Ll-c—o©

~150°C

The blocked isocyanate can be added safely to a paint formulation,
i.e. containing free hydroxyl groups and other additives. When the
coating is baked at shout 150°C, or at lower temperatures in the
presence of catalysts, the isocyanates become 'unblocked' and will
react with the -OH groups to crosslink them, while the phenol
volatilizes from the paint film. These coatings have good mechanical
and electrical properties and are used as wire coating and powder
coating, especially by electrostatic spraying.

d) Two-pack catalysed FU coatings

This type is very similar to one pack moisture cured PU coatings. The
essential difference is that being a two-pack system, an isocyanate
terminated prepolymer forms one pack and a catalyst the other. Both
reactive catalysts containing hydroxyl groups such as alkanol amines
and non-reactive catalysts such as tertiary amines and metal salts are
used.
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Isocyanate—terminated Catalyst

Prepolymer + — | Urea|___| Biuret
(Pack A) (Pack B)
. HOH HO OH
R.NCO R*.NHp I N
R.N.C.N.R'" R.N.C.NR.C.N.R"

These coatings will show more reliable drying performance but at the
expense of a limited pot-life.

e) Two-pack polyol cured PU coatings

In these coatings, one-pack contains isocyanate-tipped urethane
prepolymer or isocyanate-tipped adduct and the second pack contains a
blend of active hydrogen containing compounds such as polyols,

hydroxyl-tipped urethane prepolymer or an aliphatic hydroxyl group.

Adduct or prepolymer Polyol component:
with free isocyanate Polyether or polyester
groups + | with free hydroxyl group |—| Urethane
or aliphatic hydroxyl group
(Pack A) (Pack B)
b
R.NCO R'.CH R.N.C.O.R'

The two-packs are mixed prior to application due to limited pot-1life
of the compounds and reactions take place normally at room
temperature, although catalysts may be used to speed up the cure. Pack
A will react with any water present in high humidity or if there is
adsorbed water on the substrate, resulting in a softer film with some
excess of Pack B. To overcane this problem, there is usually a slight
excess of Pack A, ensuring that isocyanate to polyol ratio is not too
high resulting in a brittle film.
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2.5.1.12 General properties of cne- and two-pack PU coatings
The advantages and disadvantages of cne and two-pack PU coatings are
shown in Table 2.6.

Advantages Disadvantages
Extremely fast drying, Generally low solids,
highly flexible systems, problems with pigmentation,
One-pack no problem with pot-life limited solvency, only

average chemical proper-
ties, expensive in rela-
tion to solid content

Higher solids, Limited pot-life,

good chemical resistance, more problems with health
Two-pack easy to pigment, and safety

more flexibility in

formulating

better adhesion

TABLE 2.6: Advantages and Disadvantages of One- and Two-Pack PU
Coatings

2.5.1.2 Powder coatings
These are based on a number of pigmented powders such as polyethylene,

polypropylene, polyamides, epoxies and polyurethanes [77]. PU powder
is usually a mixture of a solid polyol and a solid blocked
diisocyanate. Powder coatings are applied either using an
electrostatic spray gun or by immersing the article to be coated in a
fluidised bed of power, 1.e. powder being mobile by passing the air
through it. The uniformly dispersed powder coating applied to the
substrate's surface is then melted and crosslinked to produce a
uniform protective film. Achieving a satisfactory thin film thickness
is a problem, but thick, tough coatings, containing no solvent and
very low wastages can be obtained by this technique.
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2.5.1.3 100% solid coatings
High so0lid polyurethane coatings (essentially fast gelling two-pack

g0l1id elastomers) have mainly been developed to meet pollution
regulations and to reduce energy costs by' lowering the amount of
solvents used in the formulation. Since many of the starting
materials, i.e. polyols and isocyanates are low viscosity liquids, it
is reascnable to think that non-solvent base coatings i.e. 100% solid
coatings may be formed as a result. However, in practice, moisture
cantamination and the resultant escape of 00, gas from the thick wet

films of such visoous coatings causes problems.

2.5.2 The Rdvantages of Polyurethans Surface Coatings

Many applications of FU surface coatings (PUC) have been reviewed in
the related literature [18,64,73]. Sane of the advantages of PUCs over
other coating systems include the ability to tailor to:

a) wide range of mechanical properties especially abrasion resistance;

b) fast curing rate: "drying" often at low temperature of cure;

c) excellent chemical and solvent resistance;

d) good electrical properties, particularly for baked urethane
systems;

e) good adhesion to wide range of substrate materials.

2.6 OQTHER MATERIALS USED FOR PU COATINGS

Fully reacted PUs and oligameric curing agents may be solubilised,
suspended or emilsified in a thinner material. This can be compcunded
with pigments, flow ailds etc to give a surface coating [18,23,24].
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2.6.1 Thimers

Thinners are a group of fluid components which will normally act as
solvents to dissolve the hard resin in a PU paint formulation (i.e.
one pack systems) and a suspension aid for solids, allowing the
coating to be applied tc the substrate as a wet low viscosity film.
Solvent thinners can be used to reduce fluid resin wviscosity. In
addition thimners may be used with PU resins designed for emulsion,
suspension etc. The solvent will also affect the wetting and spreading
properties of the resin, i.e. reducing the surface tension of resin
and allowing the resin to move into the interstices or porosity in the
substrate's surface. The solvent may have some beneficial effects in
the etching or solvation of the substrate. There is evidence that the
solvent system should be selected to suit the substrate material  type,
depending for instance on the relative Lewis acid-base character [78]
(see Section 5.7.1.3). There is the possibility that polarisation
occurs preferentially between a polar solvent and the substrate,
rather than the PU coating. After solvents have volatilised, a solid
dry PU film will be left on the substrate.

Solvency, viscosity, evaporation rate and flash point of solvents
being the most important properties for processing and application
purposes. The formation of an impermeable skin on the drying paint
rust be avoided to permit camplete solvent release. Flash-off should
occur uniformly across the substrate's surface, by employing
appropriate drying oconditions, e.g. oontrolled temperature and air
flow rates. Also, and particularly for PUs, toxicity, odour and cost
are factors becoming more important in today's enwvironment.

Except for urethane o0il and alkyd finishes, all PUSCs require
solvents that will not react with isocyanates, i.e. active hydrogen
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and water contaminated materials cannot be employed [79]. For coating
applications volatile, fast drying solvents such as methyl ethyl
ketone (MEK) and ethyl acetate are used in spraying applications
whereas for brushing, slower, less volatile solvents such as methyl
isobutyl ketone (MIBK) and butyl acetate are more suited. In two-pack
systems, chlorinated solvents, i.e. methylene chloride and 1.1.1

trichloreoethane, giving a longer pot life are used.

2.6.2 Pigments

Pigments for PU coatings, either organic or inorganic, are mainly used
to provide the desired colour to a paint, to improve the strength,
adhesion and durability of paint film, and modify flow and application
properties. The main pigment characteristics are 1light fastness,
cpacity, particle-size, refractive index, chemical resistance,

dispersibility, migration resistance and permanence [80,81].

A suitable pigment for PU coatings is selected on the basis that it is
free from moisture and reactive chemical groups. Moisture may be
removed by adding the pigment to an appropriate companent such as a
polyol, a liquid epoxy, an alkyd resin, a neutral resin, and others
followed by azeotropic distillation [82].

In order to achieve desired surface effects, pigments must be properly
dispersed. Many problems caused by pigmentation can be overcame if
flocculation, a condition in which loose aggregation of pigment
particles formed into clusters, can be avoided [83]. Flocculation can
be due to a number of physico-chemical effects: coomments here are
also relevant to pigmented PU RIM products. Flocculation may result
from static effects caused by pigment particles in contact with one
another (i.e. adsorption), density differential effects produced with
pigment particles joined to other substances in the coating resin
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{i.e. chemisorption), restricted flow paths for liquid moulding
materials (i.e. filter plate problem), or differential foam formaticon.

Defects such as: poor gloss, inconsistent colour of coating, and
separation of pigment particles on the surface, mostly attributed to
flocculatian, can be reduced by increasing the coating viscosity,
proper evaporation rate of drying, and balanced pigment mobilities.
Therefore wetting agents are used to improve the dispersion and its
stabilisation especially where the hydrophility of the pigment reduces
the ease of dispersibility in hydrophobic systems. Owing to storage
and transport, humidity forms a thin water skin around inorganic
campounds.  The molecular structure of organic pigments causes them to
be generally hydrophobic. However they have a large specific surface,
and conseguently absorb water, and they also change to a hydrophilic
character. During dispersion with a wetting agent, the water skin is
removed allowing the polar groups to react with the pigment surface;
the hydrophobic 'tail' is compatible with the hydrophobic resin.
Additives such as polycarboxylic acids, certain silicon compounds, and
acid salts of long chain amines may be used to eliminate the
flocculation problems [83-85].

Apart fraom the pigments used in the surface coating of PU products,
mass pigmentation may be applied in order to colour the PU substrates.
In general, pigments for plastic substrates are insoluble organic or
inorganic campounds dispersed as discrete particles throughout a resin
to achieve colour [86]. Examples of organic pigment compounds are:
dioxazine, disazo and diarylide. Inorganic pigments include: iron
oxide, zinc sulphide, chramates, titanium dioxide, and carbon black.
The overall cost of pigmenting the PU substrate specially with a
strong, expensive organic pigment must be considered and compared with
the surface cocating of that product, especially if the base PU is
coloured.
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2.6.3 Flow RAgent
Regardless of the method of application i.e. brushing, spraying, etc,

a PU coating should result in a smooth, level dry film without any
undesirable effects such as "orange peel”. Good levelling wvehicles,
specially treated pigments, and maintenance of low wet coating
viscosity by slow evaporation of solvents may be used to improve the
flow. However, in many cases, addition of a small amount of flow agent
such as silicones, c¢ellulose acetate butyrates and certain acrylic
copolymers are used to improve the wetting and levelling. They can
also be used to stop bubbling formation in the urethane coatings.

2.6.4 Bodying Agent )
Bodying agents, alsc known as anti-settling or anti-sag agents, are
mainty used to improve the stability of a urethane coating by raising

its viscosity after solvent loss and hence increasing the sag
resistance. They are also described as flow control thixotropes (i.e.
when a fluid is stirred, brushed, or otherwise worked and becaomes less
viscous, it is referred to as thixotropic).

Bodying agents mainly used for urethanes and acting as a thixotrope
are polyacrylic acids and polyacrylamides. Certain types of cellulose
acetate butyrates or polyvinylbutyral may be used as well.

2.6.5 Flattening Agent
In order to reduce the high gloss of many urethane coatings and get a

duller effect, some flattening agents may be used. Metallic stearates

such as aluminium or zinc stearates, which are insoluble in cold
solvents, will cause minor irregularities on the surface, thus
increasing the diffuse reflection of light from that surface and
improving the dullness. Amorphous silicas used in both solvent and
aquecus coatings is another useful flattening agent, where the

flattening efficiency will depend on the silica's particle size.
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2.6.6 Anti-Foaming Agent

In many PU paint systems, foaming refers to the condition where stable
bubbles are produced at the air-paint interface due to agitation,
boiling, turbulent pumping or any other processing conditions. Anti-
foaming agents which act by reducing surface tension can be added to
break any bubble formed and prevent any disruption in the
manufacturing process. Normally low viscosity pa.'l.nts show a decrease

in foam.

Anti-foaming agents should have a high spreading coefficient and their
surface tension (see Chapter 5) must be lower than that of the foaming
solution. They must be readily dispersed in the solution without
reacting with it, and they must not leave odour or taste or any
residue that is detrimental to the end product.

Anti-foaming agents mainly used are certain partially soluble
solvents, silicone o0il or hydrophobic silica based additives. Also,
sonic devices may help breaking the foam and in some cases higher
tenperature is effective,
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CHAPTER 3
SURFACE COATING OF PLASTICS

3.1 A REVIEW

Many polymer systems can be moulded without the necessity for surface
coating. Such self-ceclouration using pigments or dyes along'with
additives such as anti-oxidants, UV or heat stabilisers will provide
finished products resistance to withstand most end-uses.
Nevertheless, there has been a rapid shift towards the surface coating
of plastics especially over the last decade. This has been due to some
camplications in terms of pigmentation (see 3.5) and also the need for
many surface properties (see 3.2).

Plastics have replaced metals and wood in the marnwfacture of many
types of components which often need to be surface coated. This in
part is due to the demand for plastics in the automotive industry
[9,87,88] (Figure 3.1). During the 1980s, such demand has particularly
been for the production of varicus wehicles exterior and interior
parts.

100
O tead.zinc.copper
80 | aluminium
3 plasﬁCS
60 - . |
1 steel&iron
W misceliancous
40 -
2 F
0

1965 1985 1995
FIGURE 3.1: Proportion (%) of Different Materials in Cars {89]
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It has been estimated that the consumption of plastics, per vehicle, in
Western Europe in 1980 and 1985 was 60 kg and 100 to 150 kg
respectively [87,90]. A forecast for 1990 is given in Table 3.1. The
figures in Table 3.1, exclude surface protection, wire cowverings and
tyres. If these applications are included, the 1990 estimate for the
consunption of plastics per wvehicle can rise to 250 kg.

Private Commercial Total

cars vehicles
Type of
Plastics 1000t % 1000t % 1000t
Polyurethane 290 22 25 15.5 315
Polyvinyl chloride 170 13 15 9.5 185
Polypropylene 310 23.5 25 15.5 335
ABS 85 7.5 8 5 93
Thermosetting polyesters 130 10 45 28 175
Polyamides 70 5.5 5 3 75
Polymethyl methacrylate 27 2 4 2.5 31
Phenolics 19 1.5 4 2.5 23
Others 219 16.5 29 i8 248
Totals: 1320 100 160 100 1480

TABLE 3.1: Estimated Consumption of Plastics in Western European
Autcmotive Industry in 1990 [91]

It must be noted that difficulties in reclaiming plastics materials
from scrapped vehicles have, more recently, produced modified
predictions that plastics use (especially of exterior panels) is

unlikely to increase fram the late 1980s content.
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However, the consumption of surface coatings will undoubtedly increase
with the growth of the plastics industry. Such consumption has been
estimated at 46,000 tonnes in 1988 compared with 20,500 tonnes in 1980
for all Western Eurcpe [92]. Of this total usage, the transport
industry, mainly the autamwobile sector, dominates the demand utilising
some 26,850 tonnes of coatings. Around 80% of this is for exterior
components of vehicles and the remainder for interior items.
Electrical appliances and electronic equipment are the other major
usage sectors, accounting for around 16,525 tonnes in 1988. Other
areas of use include furmiture, packaging items, toys and leisure
goods and various building ocamponents.

The consumption of surface coatings indicates an average growth rate
of 10.6% yearly over the 1980 to 1988 period. On this basis, it has
been anticipated that the West European market will reach a level of
120,000 tonnes by 1998 [92].

3.2 REASONS FOR COATING PLASTIC SUBSTRATES

Plastic substrates are coated for the following reasons [9]:

a) To alter the appearance and particularly the aesthetic appeal of
the substrate:
This can range from changing the colour to modifying the texture
of the surface to simply hiding defects in the substrate.
Coatings can be used to give change in texture, opalescence or
metallic effects. Thus plastics mouldings which would otherwise
have a solid plastic appearance can be campletely changed to make
them appear more like natural items such as wood, leather, stone
or cork, etc. Often these effects rely both on the spray painter
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and paint formulation., It may be argued that coating an object
permits the use of a much greater number of colours compared with
incorporating solid colouration to the object itself. However, a
counter-argument suggests that the surface coating is "skin-deep"
and therefore scratching through will reveal the substrate colour
and permit ingress of external agencies.

b) To change the physico-chemistry of the surface:

The bulk mechanical properties ¢of a plastics moulding should be
at least adequate to give good performance during its working
life. However, detericoration often is initiated at the moulding's
surface due to attack by extermal agencies e.g. weathering (e.g.
W radiation, oxygen or ozone/thermal degradation), corrosive
industrial or marine enviranments. Resultant weakening of the
surface structure may have a dramatic effect on the bulk
mechanical properties. Therefore use of a coating as a barrier
will be beneficial. Coating can even be used to provide fire
barrier by intumencing in heat.

c) To alter the mechanical properties of the surface:

Surface coatings can be formulated to enhance the surface
mechanical properties of a plastics material. Examples include
improvements to abrasion/marring resistance, alter electrical and
friction properties, and improve impact resistance. Ideally the
coating must have similar bulk properties as the substrate, e.qg.
same thermal expansion and same modulus (already greater flex has
certain advantages).

In summary, the plastic materials are primarily coated in arder to
achieve better surface properties and appearance, while at the same

time prolonging the useful life of the plastic substrate.
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3.2.1 Coated Polyuretl'nahe Products and Reasons for Protection
Over the last two decades, both the development of higher pressure

dispense equipment, e.g. as used in reaction injection moulding (RIM),
and the advent of high,performame grades of self-skimning PFU foam,
has broadened the end use of polyurethanes in moulded products [9].
To canpete against the traditional materials such as timber and metal
and other polymers, PU products must perform at least as well on a
cost basis (i.e. RIM machinery and process costs).

The coating of PU products will give them greatly improved resistance
to ultraviolet and oxidative attack (see 3.2.2), enhance their
physico-chemical properties, hide their imperfections and improve
their aesthetic appeal.

PU products, where surface coatings have been employed particularly to
protect the substrate, include [9,93]:

i) automotive uses (internal): steering wheels, head-restraints,
armrests. Qurrently based on energy absorbing grades of semi-
flexible self-skinning foam (pure MDI, modified polyether polyol
blends, SG = 0.4 ¥ 0.1).

ii) automotive uses (extermal): bumpers, wvehicle panels, wheel-arch
eyebrows, rear spoilers. These will be based on a range of
urethane and urea systems of variocus moduli, self-skinned
microcelullar foamed and solid materials, same incorporating
fibre reinforcement (pure MDI, modified polyether/polyester
polyols, urethane/urea and ureas, SG = 0.4 to 1.1).
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iii) housing for electrical and electrunic components, e.g. business
machines, computer castings. These are based on rigid high
density self-skinning foams (polymeric MDI, polyether polyols,
triols, G = 0.5 * 0.2).

iv) insulation grades of spray foams used to clad the exterior of
storage tanks, roof tops, etc. These will be based on rigid low
density grades of either highly crosslinked PUs and/or polyiso-

cyanurates foams.

v) decorative panels, kitchen cabinet doors. These will be based on
intermediate density rigid foam, normally self-skimmed. Although
strictly use of low pressure dispensive and simple tooling (G-
clamped epoxy types) means that skin thickness may be minimal
(cf RIM structural rigids).

3.2.2 Ultraviolet (UV) Stability of Aromatic Isocyanate Based PU
Mouldings
Arcmatic isocyanates tend to impart poor UV and oxidative resistance

to a PU molecule. As a result, exposure to sunlight produces
discolouration, surface cracking and a general loss of surface related
properties [9]. A benzene ring structure in a polymer chain strorgly
absorbs radiation at 290 to 350 rm [94]. The resulting degradation
species are coloured in visible light. The chromophores formed include
the nitro, carbonyl and ethenyl radicals which are often attached to a
benzene ring. The ocloured molecules in twmn can be further colour
intensified by specific associated groups, known as auxochrames. These
include the primary, secondary and tertiary amines, hydroxyl and
methoxy radicals. Nevskii et al [95], suggested for a TDI based,
triethylene glycol/PEG 600 PU, the following scission mechanisms might

occour:
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-

With these changes in molecular structure and associated losses in
hydrogen bonding between chains, physical and mechanical properties
will be reduced. The surface of the degraded PU becames friable and
can then suffer abrasive losses, e.g. by wind borme dust. As a result
new PU surfaces will be progressively exposed to continued attack.

3.3 SURFACE OOATING OF PU SUBSTRATES: APPLICATION AND METHOD

Over the vears, the areas and the types of applications in which PU
surface coatings were traditionally used have extended. Consequently,
the wide number of process parameters and end applications of urethane
coatings mean that many application techniques can be employed.
Methods of applying a coating material to a PU substrate may be- split
largely into painting and printing technicues.

3.3.1 Painting Techniques

The methods of painting depend on both the coating and substrate
materials. The size and geometry of the substrate along with its
processing and surface coditions are all determining factors. Paint
formulation and viscosity are among the coating conditions affecting
the method of painting. Other factors such as the required quality,
the type and cost of machinery and the numbers and cost of products
also have a bearing on the method of painting being used [13,93,97].
Scme of the most important methods applied to PU materials are as

follows:

A. Brushing and rollering

Hand application using brush or roller is the simplest and cheapest
nmethod, but the quality and consistency of the finished product is
dependent on the applicator and to a lesser extent, on the grade of
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paint and type of tooling used-and -ambient conditions. Paint brushes
are available in a wide variety of sizes and designs to suit varicus
types of paints and surfaces. They can be used in areas where other
application methods would be restricted. Paints and lacquers for
brush application are normally fairly viscous and have a high solid
content. By rollering a greater surface area can be treated but
effects are limited to block colouring. One limitation of rollers is
their inability to cut into corners or work into confined spaces and
it is normally necessary to use a brush for finishing off in such
cases. Both techniques are labour intensive.

B. Dip-coati

This technique used for three-dimensicnal shapes, relies on partial or
total immersion of the camponent into a tank of the coating material,
which is then allowed to drain to remove any excess. Careful
formulation of the coating and control of the process will minimise
loss of surface definition and slump marking at lower points of the
drained component [93]. One of the limitatiocns of this type of
painting is the pigment settlement in the tank as the result of low
viscosity of paint needed for good draining. Fire hazard due to
storage of a large quantity of liquid paint in the tank is another

sericus problem.

C. Continuocus-coating operations

Curtain coating is usually used with ocontinuous and uniformly flat
profile products. The film thickness is dependent on formulation, line
speed and volunctric output fran the coater. Consistent and low film
thicknesses can be achieved on uniform profiles, using modified forms
of printing and film lamination equipment such as reverse-roll,

gravure, knife-over-roll and doctor blade coating.
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D. Air-fed or airless spraying
Spray application using air-fed or airless units is the most widely

practised method in the plastics industry. The benefits of spray
painting lies in the speed of application, quality, economy and
adaptability to almost any conditions, shape or size of article. The
intervention of robotics and simpler forms of automation means there
is less reliance on skilled and experienced manual sprayers. The main
disadvantage associated with this system is the wastage of paint

material due to overspray.

The overspray problem can be overcome by electrostatic spraying which
can be used in both air-fed and airless spraying. In this type of
spraying, paint is electrically charged either by a specially designed
gun or by passing it through an electric field. The paint will then be
attracted to a conductive substrate whereby the coated parts will
became electrically insulated allowing further deposition to occur at
uncoated parts.

3.3.1.1 Paint spraying application equipment
Air-fed units rely on a suitable capacity air compressor to provide a

supply of clean air free from dust, water and oil contamination. The
compressed air and paint are then carried to the spray gun which, when
triggered, allows the compressed air to force the paint to propel
through a nozzle onto the substrate's surface. The nozzle will control
the droplet size, the volume dispensed and the overall spray pattern.
Paints made for application by air-fed spraying must be low viscosity
and stable allowing break up into droplets [98,99].

Airless spraying relies on mechanical punping to the spray head, the
punp displacement having most control over the volume dispensed, the
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nozzle setting controlling the final ocutlet. The very high pressure in
the region of 20 MNm 2 used in the airless spray [100] will permit
nearly all paints to be sprayed in their original unthinned state.
With both airless and air-fed systems, the distance of any droplet
propelied is dependent on the pump or air pressure. Airless spraying
will give a smaller droplet size and a wvery wide spray pattern and,
thius, it is ideally suited for the fast coverage of 1arge areas with
decreased paint wastage.

The basic spray equipment is not expensive although spray booths,
handling systems and extraction systems will mean large capital
investment and occupation of floor space. Automation is facilitated by
corveyor systems and drying tumels. Along with fume extraction, dust
extraction is important. Drying ovens are used to speed cycles,
depending on PU coating and its solvent, by decreasing cure times.
High temperature stoving ovens are used to achieve high gloss and
superior physical properties specially in automotive components. Spray
operators have to be fully equipped with air-fed masks and protective
clothing.

3.3.2 Printing Techniques
The more important techniques include [93,101,102]:

a) letter press (ink transferred from a raised print image);

b) lithography (ink transferred fram a flat image);

c) gravure (ink transferred from a depressed image);

d) screen (ink passed through a series of holes forming a
pattern);

e) hot foil transfer;

) xerography.
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Currently printing of PU substrates is comparatively restricted.
Examples include leather clothes where perhaps a subtle image is

required, printed using gravure or screening methods.

3.4 COMMON PROCESS METHODS FOR COATING PU SUBSTRATES

With a few notable exceptions, dealt with below, a manufacturer has no
choioe.but to apply a surface cocating to a ready formed plastics
product. This series of process steps may be called post-mould coating
(PMC). A specific example of PMC is weatherproof coating of spray
applied PU foams. The exceptions to this rule have came about over the
last 15 years or so, with the evolution of certain production
techniques (especially with PU mouldings) and the need to cheapen the
overall moulding/painting process. Such methods for PU/PU combinations
detailed below include in-mould coating (IMC) and barrier release
coats (BRC) where a coating is applied to the mould surface prior to
filling with a reacting PU system. In addition, in-mould label (used
with extrusion blow moulding) and in-mould foil transfer (used with
thermoplastic injection moulding), are noted here but detailed
elsewhere [103].

3.4.1 Post-Mould Coating (PMC)

Most plastics to be painted will undergo PMC, with some minor
variations. Table 3.2 illustrates a typical manufacturing process
flow for PMC. The overall operation consists of making the PU
moulding, preparing its surface, then a coating is applied. Both
reaction injection moulding (RIM), and open and closed pour mouldings
form low pressure dispense units, are used in the manufacture of
moulded components. At this stage, proper moulding practices: good
design in the feed system associated with sprue, rumner and gate,
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accurate PU foam ingredients, adequate control of temperature,
humidity and cleanliness, correct use of release agents and good
deflashing and post-cure, results in higher perfect moulded
canponents, saving time and cost in the operations to follow. In terms
of the production rate, the painting stages are the most time
consuming and costly operations (cf less than 10 minutes to mould and
deflash, up to 2 hours to prepare and paint). This largely cames down
to the extra steps in the preparatory stages to painting: release
agent and contamination removal, repairing the moulding imperfections
(hopefully of low rumbers), primer, pre-top and top coating operations
[9].

A. Release agent and other contamination removal

Several techniques are recomnended and used to remove the residual
release agent and other surface contaminations which might otherwise
affect the adhesion between the PU substrate and the coating
[38,69,104]. The excess release agent is usually removed at the same
step when the deflashing and light surface abrasion is carried ocut. A
vapour degrease bath using a chlorinated hydrocarbon, will effectively
remove most release agents and waxes picked up in the process. The
moulding must be free of degreasing fluid to prevent blistering of the
subsequently applied and dried paint. There is some risk that the hot
vapour may distort the thin sections of undercured mouldings. Any
remaining release agents should then be dissolved into the paint's )
solvent during the early part of the painting stage. On the loss of
the solvent it becames part of the paint film without inhibiting the
interfacial bonding or reducing the cchesive strength of the dry paint
film [9].
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Silicone based release agents are extremely efficient, have low
surface energy values, and prove extremely difficult to degrease
canpletely, which will tend to prevent subsequently applied liquid
paint properly wetting out the substrate. Therefore they are not

usually recamended if the PU moulding has to be painted.

Dust must be removed from the surface of the abraded moulding using
anti-static cloths and "tac rags" to prevent paint defects. Care must
be taken to avoid contamination from anti-static cloths getting into
the moulding. Good extraction and satisfactory housekeeping helps
this and also reduces the health hazard.

B. Repairing the moulding imperfections
If faults are found in a moulding, then they have to be rectified

before surface coating can be carried out. The most common faults are:
air traps, blisters, sink and surge marks, problems associated with
integral skin thickness variations and defects due to inadequate use
of release agents. Since most paint systems (as solvent thinned
pigrented resins) will rnot impart a coametic effect that wili hide
such defects, special repair materials are used.

Repalring materials usually fast curing at room temperature are
basically two-pack thermosetting polymers such as unsaturated
polyesters, epoxides and polyurethanes [69]. The PU type repair
fillers are mostly selected with PU substrates for best mechanical and
chemical matching properties. It must be noted that good
housekeeping, regular moulding process control and quality oontrol
will virtually eliminate many of the moulded imperfections.
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C. Primer surface coating

Prior to any ccating, the surface should be as smooth as possible. To
do this, correct grades of amery cloth or sandpaper should be used.
Care must be taken not to cut deeply into the substrate and not to

change the required geametry of the moulding.

Cnce the surface is ready for coating, most substrates must be primer
coated. Several functions fulfilled by a primer coating are listed
below:

i) enhance the adhesion between the top coat and the substrate;
ii) act as a coloured mask or "undercoat" to the substrate colour;
iii) reinforce the strength of the top cocat colour, so less need be

used;
iv) can be used as a 'stopper' or surface filler of minor surface
faults.

The primer is normally heavily pigmented to mat down the surface and
to promote extra mechanical keying by effectively increasing the real
surface area of the substrate (see 4.2.3).

It is thought that because of the near identical chemistry of the PU
surface coating to the PU substrate materials, that they offer the
best cambination of end properties, although epoxides, polyesters,
acrylics and cellulosic coatings may also be used.

D. Pre-top coating

After the primed substrate is dried a thorough inspection particularly
for holes migsed in the filling stage is carried cut. In addition,
moulding defects due to high temperature of drying or solvent stress
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relaxation can be revealed at this stage. By rubbing down of the dried
primed moulding to remove inherent roughness, relatively small defects
such as 'fish eyes' (i.e. small depressions in the paint film exposing
the substrate) can be found. All such defects should be filled and
then rubbed down prior to the top coating.

E. Top coating

The top coat will provide the surface that will be viewed in the
finished product. Therefore it should be aesthetically pleasing as
weilasprovidjngthesurfacepropertiesnecessaryforalcmgservice
life., It must adhere well to the primer or in some instances to the
bare substrate. The formulation and manufacture of the top coats are
more critical than the primer, since colour and surface finish can be
equally as important as the physical properties [9]. Top coating can
be carried out in single or multiple operations depending on the

quality of the dried film required.

3.4.1.1 Weatherproof Coating of Spray Applied PU Foams

This type of coating is a specific example of PMC, where a thick layer
of surface coating, usually a type of PU or acrylate elastomer, is
sprayed onto a substrate normally based on PU rigid foam. Hence

enhancing a number of properties of the substrate in external
applications such as roofing and thermal insulation cladding of
cooling and heating constructions. Table 3.3 shows the flow diagram
for this system. Weatherproof coatings are excellent barriers for
many mainly outdoor environmental effects such as UV/oxidative
degradation, rain/water penetration and rupture and impact due to
light traffic.
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TABLE 3.3:

with a Weatherproofing Elastomer Film [9]

Arrive on site with
equipment, raw materials
(in drums) and labour

-

Erect scaffolding, safety
equipment etc

Set up dispense equip-
ment. Move spray gun
and lines to application
area

Check foam's thickness,
density, etc

Prepare airless paint
equipment _

Prepare paint equipment

.

/

Clean substrate.
Ambient temperature

Flow Diagram for the Application of Rigid Polyurethane Foam Coated

and other weather
conditions have to
be right

N

prply primer to
improve PU
foam's adhesion
to base substrate

Spray liquid foam
ingredients onto
manageable areas of
the substrate. Repeat
application as earlier
pass becomes tack-
free.

T

!

Cover the whole of the
substrate area.
Feather foam up around
neighbouring mascnry,
pipework etc.

-

Mllow PU reaction to
became near camplete,
then lose free vola-
tiles and cool

Contour foam with
cutting tools, to

drainage features.

Clean foam's
surface

soon as possible, to

cover all PU. Allow

\\
Y

Apply primer coat, as/

----‘___M

to dry

r

Apply top coat. Allow
to dry. Repeat ocoating|

until desired membrane
thickness reached and
pinhole effects
eliminated

h 4

Inspect overall
composite structure.
Touch-up if
necessary

r

FINISHED PRODUCT
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3.4.2 In-Mould Coating (IMC)

In experiments in the late 1960s [9] by companies including Shell
Chemicals, rigid skimned PU foam shells were made by slush-moulding a
pigmented liquid PU system onto the inner surface of the mould and
then PU foam ingredients were poured in the mould. This was an early
basis for IMC in PUs. IMC was specifically developed in Europe and the

USA in the mid 1970s for self-skirmed foamed PU mouldings and sheet
nbulding compounds {105]. It was further developed in the late 1970s
by the cooperation between moulders, paint companies and the PU foam
suppliers into viable commercial process for many aspects of PU
industry [9]. Many of the IMC principles can be seen in the gel
coating of glass reinforced plastic structures, based on unsaturated
polyester resin or epoxides.

The production flow diagram for IMC shown in Table 3.4 is different to
that of PMC. During the IM process, a wet surface coating is applied
to the mould intermal surface (as substrate) as a step of the moulding
cycle, with some increase to the cycle time, but with considerable
reductions in the other steps associated with PMC. Therefore in IMC,
the action of the paint and the polymer substrate are in reverse
order, with the former becoming a thin substrate onto which a thick
coating is applied.

A. CQCoating process for IMC
The release agent is usually applied to the mould at the start of each

moulding cycle, allowirng easy removal of the finished article without
affecting the paint's finish. As soon as the release agent has flashed
off, &:epaintcanbeappliedbymrnnlspraﬁngteclmiques. The
quality of the mould is extremely important for IMC, since the coated
side will become the visible surface of the finished product. The
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TABLE 3.4: Flow Diagram for In-Mould Surface Coating Process [9]

Prepare spray
equipment and
paint

 J

Clean moulding

L

Apply Release Agent:
dry and polish-cut
if needed

Prepare RIM
equipment and

PU to approximate
top coat shade

|

A




moulds for IMC must have gocd heating and cooling control. The
greatest delay to the moulding cycle, relates to the rate of solvent
evaporation from the wet paint film. Fast drying solvents such as MEK
are normally used. With the heated moulds, chlorinated hydrocarbons
are employed which may give rise to healtﬁ and safety risks and
require good extraction facilities. Modern mini-spray booths and
flash off stations, given their extraction systems, once built in the
carousel or conveyor lines, would eliminate the problem of having a
separate painting area. '

In IMC, solvent entrapment should be avoided, since a wet paint may
cause the paint film blister on the mould release and it may also
affect the foam's skin thickness. Air circulation and mould
temperature will aid the evaporation of the solvents. Once the
solvents have flashed off, the PU foam ingredients are poured in and
the mould is closed or in the case of RIM, the mould closed and the
mix-head located and a shot fired. Some manufacturers claim that the
surface coating on the mould's surface facilitates flow of the PU foam
ingredients and reduce the risk of air trapping and blistering.

The PU coatings for IMC, supplied either as one or two pack systems
can be pigmented, tinted or clear. Clear coatings are not very oammon
as it is difficult for the éperator to see whether the mould is
campletely covered [40]. Also, matting or texturing agents are not
used since the coating should take the surface characteristics of the
mould. Surface effects such as matting are usually achieved by sand
blasting the mould surface, or by using additives in the release
agent. The paint application is nomally in the form of top ooating,
anitting the primer or undercoat processing. Hence very thin films may
be produced in one coat, making IMC very viable for special cases such
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as UV resistance ocoatings for interior and exterior applications where
coating thicknesses of about 5 and 15 microns respectively are

sufficient to give the desired property [9].

IMC is made easier, while less film thickness is required where the
substrate is approximately the same colour as the paint or moulds have
simple shapes. Also minor painting defects will be subsequently bgried
into the substrate.

B. Final stages of IMC

Following demould, process operations must be limited to deflashing
and inspection, to keep costs down. In many cases the only trim needed
involves the cutting of a thin flexible film at the flash line without
cutting into and exposing the substrate. To avoid the need to do any
post moulding repairs, the mould wear must be kept to a minimm e.g.
by using replaceable mould liners.

3.4.2.1 Barrier release coats (BRC)

BRC is a specific example of IMC, having combined preoperties of a
release agent and a primer, giving excellent adhesion to any coating
applied subsequently [9].

It is normal to use flexible moulds (e.g. based on silicone or PU
elastamers) supported by a rigid frame box, usually made of epoxide in
a wooden or steel frame (Figure 3.2).

PU ingredients poured into the mould are allowed to foam and cure,
then the silicone liner is peeled away, cleaned and reused. Table 3.5
shows the flow diagram for BRC.
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FIGURE 3.2: Cross-Section of a Silicone Mould During the PU Curing
Stage [9]
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Key:

a) Decorative PU foam moulding, showing 3-dimensional relief

b) Barrier release coating

c) Silicone elastamer mould liner

d) Epoxide supporting base mould

e) Epoxide mould 1lid

f) Paper backing card, acting as a release medium from the 1lid and as
a permanently attached backing for the moulding

g) G-cramp
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TABLE 3.5: Flow Diagram for In-Mould Barrier Release Surface Coating

Process [9]
Clean Mould " )
Relocate Silicone
Liner
L
Prepare Barrier Apply Barrier Release Prepare Foaming
Release Coat *— Coat Equipment
9
Y
| Inserts In | : 1
{ Pour into open mould
Close mould +
+ Close Mould
Prepare RIM »—I Fire shot
equipment +
PU reaction/cure -—
~ | Demould 1
[ Trim/def1ash 1
Repair: with
suitable fillers
if necessary
r
[Rub down ]
Prepare staining — 1 .
equipment and »—| Staining/drying
materials +
Prepare laccquering - Cle:f\r lacquering/
equipment and drying
materials 1
Inspection e ]
¥ Assembly
Packaging/ l
shipping or -
storage
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BRC applied to silicone moulds, in part increases the working life of
the mould by acting as a barrler against amine attack, and also by
improving the skinning of the mould, reduces some of the post moulding
operations. The barrier release systems are mainly used for rigid PU
foam formulations, resulting in decorative simulated wood or stone
mouldings.

3.4.3 General Properties of IMC and PMC

The advantages and disadvantages of IMC and PMC for PU systems
[9,69,93] are illustrated in Table 3.6.

3.5 ALTERNATIVES TO SURFACE COATING

Application of a surface coating to any moulding increases its cost.
For plastics moulding, additicnal raw materials, production time (in
preparation, surface pretreatment, priming, top coat, painting, drying
and inspection), shopfloor utilisation, skilled labour requirement (or
robots), and health and safety installations increase the
manufacturing cost of the product [93]. These are the main arguments
against coating plastics. Therefore the alternatives to PU surface
coating used commercially must initially appear attractive, and
essentially improve the PUs resistance to W and oxygen (see 3.2.1.1).
Where limited exposure to W is expected, a mixture of anticxidants
and UV stabilisers can be used. The majority of PU products are based
on MDI (although it only has a slight edge over TDI for flexible
foam). MDI is pale yellow to brown in colour, which is passed onto the
PU, s0 a moulder often has little choice but to accept a limited range
of darker colours and less often subtle light pastel shades.

71



Advantages

Disadvantages

Lower capital investment when
a mini spray booth is incor-
porated into the moulding
carousel

Saving in paint usage and
achieving a satisfactory
coverage specially with simi-
lar cclours in coating and
substrate

Very low finished caomponent
rejects i.e. about 1% cam-

pared with about 8-10% for

PvC [12]

Saving time and energy in
applying and curing many

PU coating systems with the
aid of heat fram tooling and
the exothermic reaction

Almost perfect reproduction
in the mould's surface

Excellent adhesion between
coating and substrate in
most cases

Mould design limited to simple
less projection shapes

Possible reduction in the

evaporation rate, due to heavy
vapours of some solvents

Extra stage in moulding cycle
Repairing and touching up of

defects more difficult than
in BPMC

Good mechanical and chemical
properties in most cases

Good reproduction with com-
plex mould designs

Good adhesion between coating
and substrate requires exten-

sive preliminary preparation
of the substrate

More time, labocur and energy
required due to many opera-
tions involved

A separate painting area
needed

TABLE 3.6:

In-Mould and Post-Mould Coating of PU Materials
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Strongly coloured pigments which are UV stable will give some success
in masking the discolouration resulting from subsequent degradation.
Carbon black at 5 to 10% loading is an effective UV stabiliser while
masking flow and striation markings, but the colour choice is

limited [9].

Anti-degradants, which are solids, may be used as much as 10 to 20% by
weight of polyol [9], but lead to difficulties of dispersion in the
polyol, and some detrimental effects on processing and mechanical
properties of the finished product i.e. acting as particulate fillers.
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CHAPTER 4
ADHESTION AND INTERFACIAL BONDING

4.1 ADHESION: INTRODUCTION

There is no single definition for "adhesion" which is completely
satisfactory or universally accepted [106]. In part, this is due to
any satisfactory definition having to account for both the
thermodynamic and the mechanical aspects of adhesion along with |
phencmena which inhibit it. According to ASTM (D907-70), adhesion is
"the state in which two surfaces are held together by interfacial
forces which may oconsist of valence forces or interlocking forces or
both" [107). At the simplest level, adhesion is the act of joining
together of two simlilar or dissimilar materials and then remaining
together by forces acting across their comon boundary (interface).

The properties of any substance depends on the structure, shape, and
size of its constituent molecules and on the nature and magnitude of
the forces between them [108]. The molecules in the surface region of
a material are subjected to attractive forces from those in the
interior, resulting in a net attraction into the bulk phase, in
direction normal to the surface (Figqure 4.1). The intermoclecular
forces exerted to the two potential adhering systems must be close
encugh for various interactions to take place. In practice this means
that the surfaces must be within a few atom spacings of each other
(i.e. < 10A) [109].
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SURFACE

SR

FIGJRE 4.1: Molecular Attraction

The subject of adhesion has become increasingly important as a result
of the improved understanding in areas such as structural bonding,
surface coatings and lubrication, which in turn relate to many aspects
of the ococatings industry [104,110-113]. To date, there is greater
understanding of the action of adhesives than of surface coatings,
although it may be expected that they have many properties in common.

4.2 THEORIES OF ADHESION

Several theories have attempted to explain the mechanisms of adhesicn,
wetting and interfacial bonding [114-119]. These theories need to be
modified to be able to explain the complex interactions between often
a reacting liquid resin in a surface coating and a solid polymeric
substrate. The five main mechanisms of adhesion that have been
proposed are:

a) Adsorptive effects;

b) Electrical double layer theory;

c) Weak Boundary Layer (WBL) effects:

d) Mechanical interlocking and related surface topography theories;
e) Diffusion theory.
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Allen [120] has explained the adhesion phencmenon by cambination of
all the theories of adhesion proposed:

T = at, + BTA-i- YT + 61E+ I +L;'rm
where T, Tp, Tp and Tg are mechanical, adsorption, diffusion and
electrostatic camponents of adhesion respectively, and ¢, B8, Y ard
§ are respective mixing components. If one of the components does not
exist (or its wvalue is relatively very small), the corresponding value
of the constant would become zero.

It is argued that one or more of these effects may be in existence in
different examples of adhesion bonding, but none of the theories is
able to explain all types found in practice.

4.2.1 BAdsorptive Effect
According to this theory, adhesion is dependent on molecular forces

acting across the interface to hold the surfaces together. In a

camposite the interfacial effects can be explained in terms of the
forces acting between the molecules coamprising the bodies [121].

This theory has been discussed in depth by Kemball {122], Huntsberger
[123], Staverman {[124] and Wake [125]. Normally when two surfaces
come together, consisting of neutral molecules (i.e. where no
potential for chemical reaction exists), the forces of attraction and
repulsion developed will relate to the atomic structure of their
surface molecules. More specifically, Keesom [126] and Debye [127]
respectively showed that dipole-dipole and dipole-induced dipole
interactions (by orientation and induction), play an important role.

London [128] discovered that dispersive forces {(dispersion) will
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prate the interaction between two molecules lacking any dipoles.
These three physical phenomena are known as the Van der Waals forces
of molecular interaction and are present in all molecules and
contribute approximately 80% of the total cohesion forces of organic
compounds [129].

Bancroft [130] and De Bruyne [131] suggested that adhesion is due to
Van der Waals interaction between surface molecules and adhesive and
substrate (or adherend). These forces being adequate to ensure a
strong bond. McLaren et al [132-134] developed the theory and
suggested that the formation of adhesive bond can be divided into two
stages. The first adhesion stage comprises the migration of large
polymer molecules from soluticn, or melt, to the surface of adherend
as a result of micro-Brownian motion. As a consequence polar groups
{(including hydrogen bonding groups) of macromolecules of the adhesive
approach the similar groups in the substrate. Through pressure and a
decrease in viscosity, due to a high temperature or solvent action,
the active groups may approach the surface very closely, even if no
solvent is used. The second stage of adhesion consists of the
adsorption process. The Van der Waals forces act only at short range
and in order to establish strong interfacial attraction, surfaces must
be brought almost within molecular width (i.e. < 10 A) of each other.
McLaren [132] has shown the adhesion as a surface effect, resulting in
adsorption of certain segments of the adhesive molecule onto the
surface of the subsirate. The relative polar nature of the surface is
seen to be important.

One other major interaction has been recognised, that of molecular
interaction, for which an electrostatic attraction occurs bebween

polar molecules. Hydrogen bonding is its usual form, where the
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hydrogen atom on a molecule has a partial positive charge associated
with some acidic character, e.g.

st st o¥

/O-H, F-H, =N-H
As the pendant hydrogen atom of a molecule approaches an electron rich
atom of a neighbouring molecule, often associated with a basic
character, a weak bond results, e.g. oxygen in water or alcaohwl, or

nitrogen in amines, urethanes, or ureas.

R R'

The hydrogen bond length is about 2.7 A, too long to be a true stable
covalent bond, but with a bond strength greater than that associated
with Van der Waals forces [135]. Fowkes [136,137) and Drago et al
[78,138] have suggested hydrogen bonding is highly specific and a type
of Lewis acid-base interaction. Risberg [88] has argued that the
adhesion between the paint and the substrate depends on an
electromagnetic interacticn between polar groups in the molecules in
the two materials.

Chemiscorption, in which the adsorbed molecules are held to the surface
by covalent, ionic or metallic bonding will occur under certain
circumstances. The interaction with the surface is much more specific
resulting in a better interfacial bond strength which is most
resistant to adhesive failure and attack by solvents or surfactants.
It has also been shown that covalent bond formation is associated with
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adsorptive bonding at the interface [139-141]. wWake [142] has argued
that although there are good grounds for believing that covalent bonds
form across interfaces contributing to adhesion, Van der Waals forces
of interaction in general and the London dispersion forces in
particular are alsc very important in explaining the adhesion
phenomena. Salomon [143] has also discussed the low probability of
chemical bonds at interfaces. Matting and Ulmer [144] have refuted
the existence of any chemical interaction between adhesives and

metallic substrates.

A comparison of bond strengths for adsorptive and chemisorptive
systems is given in Table 4.1.

TABLE 4.1: Bond Energies for Adsorption and Chemisorption Systems
[145]

Bond Energy (KJ.mo1~1)

Primary Bonds (Chemisorptive):

Ionic 600 to 1100
Covalent 50 to 700
Metallic 110 to 350
Secondary Bonds {Adsorptive):

Hydrogen bonding with fluorine Up to 40
Hydrogen bonding without fluorine 10 to 25
Dipole-dipole 1.5 to 20
Dipole-induced-dipole 0.5 to 2.0
Dispersion forces 0.01 to 40

The terms primary and secondary in Table 4.1 are in a sense a measure
ofthe.relativestrengt:hof the bonds. Owens et al [146] have argued
that in theory the attraction due to secondary forces and hydrogen
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bonding is in itself sufficient to produce adhesive joints between
polymers of strength equal to that of the polymers themselves without
the need for chemical bonds. The potential energy curves for different
types of intermolecular forces are shown in Figure 4.2.
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FIGURE 4.2: Potential Energy Curves of Varicus Bonding Forces [147]

Although the adsorption theory of adhesion is well documented, it has
been found to have the following shortcomings:

a) Derjaguin and Krotova [148] showed that the peeling work of the
adhesive film can reach values as high as 10 to 105 Nm, but the
work required to overcome molecular forces does not exceed
10! to 10 Nm. In other words, the real work of adhesion is
several magnitudes higher than that expected from molecular

forces.
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b) Voyutskii and Vakula {149] demonstrated that generally too high
a polarity of the polymer tends to decrease adhesion to very
polar adherend. This finding contradicts the adsorption theory
because if adhesion was determined only by adsorption, it would
increase in this case. Maclaren [132] has disagreed with this
generalisation and argued that in some cases where moderate
contents of polar groups such as chlorine, carboxyl, carbqul,
and hydroxyl are added to the polymer it may improve the
adhesion to a polar adherend.

c) Adsorption theory cannot account for the high adhesion that may
be found between non-polar polymers., For example non-polar
polymers such as natural rubber and polyiscbutylene show good
adhesion to a munber of adherends [149].

4.2.2 Electrical Double Layer (EDL) Theory
This theory was suggested by Derjaguin et al [150,151], who stated
that at any boundary an electrical double layer is produced and the

consequent coulombic attraction might account for adhesion and

resistance to separation. In fact, the EDL theory was suggested by
Derjaguin and Krotova [148] in order to explain the situations
mentioned earlier (see 2.2.1) that adsorption theory could not
clarify. Their explanation was based on observations made while

peeling an adhesive film from a substrate. They concluded that [129]:

1. work of adhesion was much higher than could be expected from

molecular forces;

2. work of adhesion was dependent on the rate of separation of the
adhesive film;
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3. it was difficult t© explain the adhesion between the non-polar
high polymers based on adhesion thecry:

4. bond rupture can lead to electrification of the ruptured surfaces
and sametimes such electrostatic build up can be discharged during
separation.

Voyutskil [152], Schonhorn [153] and Huntsberger [123] have criticised
the EDL theory for its inconsistency in many systems, Voyutskii has
guestioned this theory with respect to the adhesion of rubbery
polymers to cne another. He has argued that if contact potentials gave
rise to double layers of the strengths required to explain adhesion
then why were dissimilar polymers less adherent than similar polymers?
It has also been shown that the contribution from electrostatic forces
is significantly lower than that from Van der Waals interactions

[154].

Roberts [155] has concluded that maximum contribution to the
thermodynamic work of adhesion for a natural rubber/glass interface is
about 10MNfiwhich is negligible compared to the contribution from Van
der Waals forces of about 60mN.nﬁ'.Weaver [156,157] has employed a
'scratch test' to irnwvestigate the adhesion of various metallic films
on a range of polymeric substrates. Previcus work on metallic coatings
on glass had suggested that increase in scratch resistance upon ageing
metal/glass interfaces were due to increased oxidation of the metal
surface with time leading to stronger interfacial bonding, possibly
due to an oxide bond between the metal and glass with an oxygen atam
acting as a bridge [158]. To eliminate this possible oxide bond,
Weaver included gold in his list for the metal/polymer interfaces and
reported that upon ageing various metal/polymer interfaces large
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increases in the scratch resistance were found for copper, silver or
gold coatings and smaller increase for aluminium. Due to these and
other experiments Weaver concluded that the Fermi level (i.e. where
Fermi level is defined as the average energy for the valence electrons
in orbit around a nucleus) in the polymer was initially abowve that in
the metal and thus the charge transfer producing adhesion might be due
to possible hole injection, i.e. electron transfer from polymer to
metal.

Wake [125] has irndicated that the nature of the charge-carrying bodies
in polymers is not well established, it is known that additives and
impurities may drastically affect their ability to form electrical
double layers. Thus he suggested that data from radiation polymerised
material made from a highly purified monomer would be more valid.

Voyutskii et al [149] suggested that the electric theory of the
polymer to polymer adhesion is only applicable in cases when polymers
are incompatible cor insoluble in each other. Where both polymers are
caompatible it would be necessary to distinguish between two cases:
adhesicon of non-polar and that of polar polymers. When a bond forms
between ncn-polar polymers, the electrical mechanism is not acceptable
since such polymers oould not be electron donors. It was argued that
adhesion in this case is caused by the interlacing of the surface
macramolecules due to their mutual diffusion. As a result of bonds
formed between polar polymers the double electric layers can arise.
However if the polymer molecules are capable of intense thermal motion
then the joining of both layers will also occur as a result of

diffusion (see 4.2.4).
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Fowkes [159] has suggested a different approach to the EDL theory of
adhesion based on donor/acceptor relationships existing at the
interface but not within the bulk of either material separately. He
has realised that acid-based interactions are not the only ones
occurring at an interface and they add to the existing Van der Waals
forces of dispersion. Gent and Schultz [160] hawve followed their
experiments on this basis and reported that the forces attributed to
EDL effects has magnitude similar to that of the dispersion forces.

Despite a number of criticisms, the electrical double layer theory can
be demonstrated for freshly cleaved surfaces of mica (which are very
flat), being brought back together, and also in explaining oolloidal
systems.

4.2.3 Mechanical Interlocking and Related Surface Topography Theories
The mechanical theory proposes that mechanical keying, or
interlocking, of the adhesive into the irregularities of the substrate
surface is the major source of intrinsic adhesion [161]. McBain and

Hopkins [162] examined this theory, distinguishing between true
adhesion and mere interlocking.

As early as 1949, Borroff and Wake [163] demonstrated the importance
of mechanical adhesion by embedding textile fibre ends in the rubber.
With sufficiently long fibres, provided there is specific adhesion
(even quite small) acting over the area of fibre, the total shearing
force would exceed the tensile (breaking) strength of the fibre. The
intrinsic adhesion between fibre and rubber arises from primary or
secondary forces, either chemical or Van der Waals bonds, but is only
of indirect importance since it will simply determine the length of
fibre which is needed to be embedded before the interfacial shear
strength exceeds the tensile strength of the fibre. If the fibre ends
are removed by employing a fabric woven from continuous filament yarn
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then this mechanical interlocking mechanism can no longer operate.
Hence, some pretreatments on continuous fibres is necessary in order
to increase the contribution from primary and secondary interfacial
forces to the intrinsic adhesion [161].

Metal plating of polymers where a chemical pretreatment of the
polymeric substrate is employed prior to plating is ancther example,
where mechaxucal interlocking may contribute significantly to the
intrinsic adhesion. Examples are bonding between metal and

polypropylene [164,165] and in metal plated ABS [166,167].

By increasing the roughness of a surface, the real surface area
increases and the topography of the surface is changed [93,119,129].
While this is usually beneficial for adhesives, it has mixed results
for solvent based coatings. As a result more work has to be done in
delamination to overcome the friction developed in the combined
surfaces and interlocking at the interface. The latter is related to
the ccohesive strengths of the coating and substrate material. If there
is not intimate contact between the coating and the substrate,
increasing the roughness can lead to decreased adhesion by producing

uncoated areas of voids or vacancies in the coating (Figure 4.3).

FIGURE 4.3: The Effect of Surface Roughness:
i) perfect surface: area of contact = ab if campletely
wetted aut;
ii) roughened surface: area of contact >>»ab if campletely
wetted out.
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Same work has been carried ocut by Packham et al [168,169] to show the
importance of substrate surface topography. Their findings on the
adhesion of polyethylense to metallic substrates clearly demonstrated
that high peel strengths were obtained when a very rough, fibrous
type, oxide surface was formed on the substrate. The argument of
roughness increase of the substrate surface resulting in a better
joint strength has been shown by Jennings [170], Bascom et al [171]
and Mulville and Vaishnov [172]. Kinloch {173) has argued that this
joint strength enhancement need not necessarily arise either from a
mechanical interlocking mechanism or from an increase in surface area
for bonding or ffom improved kinetics of wetting. As Kinloch has
stated the measured adhesive joint strength almost always reflects the
value of two parameters: (a) the intrinsic adhesion, and (b) the
energy dissipated viscoelastically and plastically in the highly
strained volume around the tip of the propagating crack and in the
bulk of the joint. Several authors [174,175] have suggested that the
importance of high surface irregularity is to increase the latter
parameter.

As indicated earlier, many investigations have shown better adhesion
to smoother surfaces. Taylor [176] applied tensile tests of
polyethylense on nine different metals with various types of surface
finish. The adhesion measured was inversely proportional to
roughness. As discussed earlier (see 4.2.1), Risberg [88] has
strangly argued that the adhesion of a paint to plastic substrate
depends mainly on pure chemical connections such as intermolecular
interaction between polar groups in the paint and in the substrate and
ot on solvent attack on the substrate or surface roughness with one
exception, the thermosetting materials where release agents are being
used. He believes only in cases such as polyurethane moulding where
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polypropylene waxes are often used as release agents, a change in
solvent blend may affect the adhesion.

It is argued that the proposed chemical connections may occur as e.d.
covalent bonding in some in—-mould coated PU/PU systems {see Chapters 1
and 5).

Wake [177] has followed the theories suggested by Andrews and Kinloch
[178] and Gent and Schultz [179], and argued that for the maximum
joint strengths both mechanical and chemical properties of the
substrate are important. Therefore, the effects of mechanical
interlocking and surface free components ocould be multiplied to give a
result for the measured joint strength:

Joint strength = constant x (mechaniczl) x (Surface ftsree)

This equation shows that the substrate must possess, simultanecusly,
the topography and surface chemistry necessary to produce the highest
extent of mechanical interlocking and surface free contxibutions.

The viscosity has a direct effect on surface coating ability to flow
over and into the substrate surface. The surface coating droplet size
varies in different viscosities which has to be considered for various
applications. The viscosity and the rate of solvent evaporation
should be controlled in such a way that the initial low viscosity_
would allow an effective paintability and wettability in a short space
of time followed by the rapid loss of solvents by evaporation
resulting in a rise in viscosity and a rapid change from wet to dry
state. This would stop any undesirable surface effects being

produced.
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Abrasive treatment of PU substrates and to a limited esttent vapour or
solvent wash degreasing in preparation for primer painting will
increase the real area of the surface while removing some release
agent, if present. However cutting into the cellular structure of a
self-skinned foam will only prove attractive if high thicknesses of
coating are applied subsequently. Surface coatings having low solids
content will wet_ and cover surface imperfections initially, but due to
solvent loss mainly from the wet film thidmess, the resulting dry
film will reproduce those imperfections (Figure 4.4). Air entrapment
and reluctance of a higher viscosity coating to flow inbto smaller
surface imperfections will reduce the total area of contact and

therefore affect the adhesive strength of the bond.

(@ (ii)

‘- surface coating surface coating

FIGURE 4.4: Surface Coating of a Substrate:
i) poorly wetted substrate and/or high-viscosity
coating: low area of interfacial contact,
ii) completely wetted substrate, low-viscosity coating:
extensive interfacial oontact.

4.2.4 Diffusion Theory

This theory was originally advanced by Russian scientists
[152,180,181]. It assumes that if molecules on the two surfaces are

in a fluid and mobile state, diffusive bonding will take place.
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However, the diffusion theory is related to same earlier work [182]
which showed that the interdiffusion of high polymers across an
interface is possible if the polymers are at temperatures above their
glass transition temperatures (Tg). This was suggested on the basis of
self-tack of rubbers and the term autohesion. Voyutskii et al
[149,152] argued that for many cases adhesion between polymers, as
well as their autchesion, could be reduced to the diffusion of chain-
like molecules and as a result leads to the formation of a strong bond
between adhesive and adherend. Therefore it requires that the
macromolecules or c¢hain segments of the polymers (i.e. coating and
substrate) possess sufficient mobility and are mutually soluble, that
is that they possess similar wvalues of the solubility parameter. The
solubility parameter, §, may be defined by [173]

- RT
8 =(£.LJ__V___)1/2.

where AH, is the molar heat of vaporisation, R is the gas constant, T
is the te.mperature (K) and V is the molar volume. Hence, a
fundamental feature of the theoretical treatment of diffusion is that
thermodynamic compatibility must exist between the materials. With
autohesion there is no problem but the theory could not automatically
be applied to the adhesion of two polymers for which solubility
parameters are different. Radiometric studies [183] have shown the
presence of macromolecule diffusion in ocoampatible polymers. Mutual
solubility of the components is important for their adhesion [184] and
in the first approximation is determined by .the polarity of the
polymers; it is also in good agreement with the known empirical de
Bruyne's rule, according to which adhesion is strong only when both
polymers are either polar or non-polar and is made more difficult in
the case of polar plus non-polar polymers.
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The essential peculiarity of the diffusion theory, in which it differs
fram the cther theories of adhesion, lies in the fact that it involves
the most characteristic properties of polymeric substances, i.e. their
chain-like structure, the flexibility of their molecules, and the
ability of the latter for micro-Brownian motion. Voyutskii [152], on
the basis of his experimental observations proposed that bond strength

will increase with:

a) process conditions: long contact time, high temperature, high
pressure. The latter two will relate to the viscosities of the
mating surface and, therefore an coptimum shear rate must be

considered (see 4.4).

b) molecular struchure considerations: low molecular weight species,
high chain flexibility, absence of bulky side groups and rno or low
orders of crosslinking.

Thus, according to this theory, there exists rno clear cut boundary at
the interface due to the diffusion but there exists instead a
transition layer. This suggests that adhesion is a three-dimensional
volume process rather than a two-dimensional surface process. Vasenin
[185,186] has approached this theory in a more fundamental and
theoretical manner and with regard to the autohesion of
polyiscbutylene, derived an equation relating contact time and
molecular characteristics of the polymer chain to measured joint

strengths (Figure 4.5).
Same results [187] using techniques of optical microscopy, including
luninescence analysis in UV light, has indicated that in campatible,

non-polar polymers the zone of interfacial boundary dissolution due to
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FIGURE 4.5: Relation Between Measured Peeling Energy, P, and Contact
Time for the Autchesion of Polyiscbutylenes of Variocus
Molecular Weights
(After refs 185 and 186)

diffusion may be about ten microns deep. The autchesion of elastomers
and the solvent welding of compatible, amorphous plastics, having
mutual solubility and sufficient mobility of the macromolecules is
based on the interdiffusion of polymer chains across the interface.
Nevertheless, if the solubility parameters of the two materials are
not similar, or if one polymer is crosslinked, is crystalline or is
below its glass transition temperature, then interdiffusion is an
unlikely mechanism.

Diffusion processes have an important significance in the formation of
adhesion joints of polymers with metals. It has been established [188]
that as a result of the interaction of polyolefins with metal
surfaces, fatty acid salts are formed which then diffuse into the bulk
polymer. Many authors [189,190] have observed the appearance of
metal-containing coampounds in the bulk polymer.
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Kamenskii et al [191] have followed the same trend as Voyutskii [152]
and stated that in many cases the baonding of polymers, impregnation of
fibrous materials with polymer dispersions and deposition of coatings,
amount to reciprocal (mutual) diffusion. Krotova et al [192] studied
the mutual diffusion under a microscope on sections of two-layer films
produced from the test polymers. The boundary between polymers using
different UV luminescence was also studied by microscopy. It was found
that the interface is always broadened on the contact of two rvm-polar
polymers of approximately the same structure. From this the authors
concluded that the adhesive bond establishment in this case must be
due to mutual diffusion. Heat treatment of the double films caused a
sudden increase in the blurring of the surface. Systems with
campenents differing considerably in chemical structure gave a narrow
blurring zone. Later, in conclusion of their work they stated that the
boundary blurring was not due to the diffusion of macramolecules or
their segments, but to the transfer of 'whole structural camplexes from
oane phase to the other.

Kamenskii et al [191] have seen the limitations on microscopy analysis
using visible or UV radiation for studying the diffusion inter-
penetration and have adopted the use of electron microscopy. They
chose two sets of pairs of polymers: polymethylmethacrylate (PMMA)/
polyvinylchloride (PVC) and polybutylmethacrylate (PBVA)/PVC. The
polymers were then welded into pairs, i.e. they were kept in contact
for a certain time at a temperature sufficient for vigorous thermal
movement of the molecular chains or their segments. Their conclusion
has revealed that the PMMA/PVC and PBMA/PVC show mutual diffusion at
160-220°C and the mutual penetration becomes easier as the temperature
rigses. Mutual penetration was found to be less in the case of

PEBVA/PVC. On one hand, this may be due to poor campatibility of PVC
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and PEBMA due to the low polarity of the latter, on the other hand it
may be due to the large side branches (butyl groups) in the FPBMA
molecules. By using electron microscopy, Kamenskii et al showed that
the mutual penetration of micromolecules to depths from tens up to
thousands of angstrom is possible. Since mutual penetration of polymer
molecules even to 20 to 30 A, may increase the adhesive strength
several times, their findings have again confirmed the importance of
diffusicn effects in the fomation of adhesive joints between
polymers. In a later study the same authors [193] showed that with
campatible polymers the diffusion continues until the components have
completely dissolved, whereas with dincompatible polymers diffusion
proceeds only up to a certain point changing the interfacial boundary
between the polymers into transitional layers. The equilibrium
thickness of this layer depends on the nature of the polymers in
guestion.

The diffusion theory is relevant to several aspects of PU coating and
adhesicn. For solvent based ooatings, having spread and wetted an area
of substrate, there may be conditions in which the residual solvent
may have time to solvate a surface layer of the PU substrate. This
means there is scme diffusion and swelling in the polymer matrix,
which may allow molecules of the resin binder to also diffuse into the
substrate. With eventual evaporative loss of the solvent, resin
molecules will remain. It may be suggested that this effect should be
enhanced with two-pack surface coatings, oconsisting of low molecule
weight oligameric materials.

4.2.5 Weak Boundary Layer (WBL) Effects
A boundary layer may exist on the surface of a substrate [194,195].
The layer may be made up of mobile species migrating fram the body of
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the substrate, or from environmental contamination before  ooating
(dust, oil, moisture, oxygen), or even mobile, low molecular weight,
surface active species present in the surface coating which are
attracted preferentially to the substrate, or release agents. If the
boundary layer has poor adhesion to the substrate or coating, and/or
has poor mechanical properties, the interface is stressed showing an
apparent adhesion failure at the substrate coating interface: this is
known as weak boundary layer. It may be argued that adhesives,
coating and other polymeric materials acting as matrices for composite
may provide WBL material.

The WBL is present normally as adsorbed and chemisorbed species on the
substrate's surface and usually reduces the potential for wetting and
spreading of a liquid and hence geod interfacial bonding. If bonding
should occur, a boundary layer of low cchesive strength will be the
site of failure under load. Interference of the interactions between
substrate-coating can be due to a single molecule thickness of

adsorbed species, e.g. silicone oil based release agents.

According to WBL theory, first advanced in 1947 [196], the failure
between the main mated surfaces is always cohesive rather than
adhesive in nature. This theory further suggests that no correlation
between adhesion and surface properties could be expected. There are
studies and data [197,198] to demonstrate the presence of WBLs. Other
studies [199,200] have however, shown a correlation between adhesive
strength and surface chemical properties of the joint constituents.

Bikerman [197,201] has suggested a number of conditions which would
lead to a WBL. He has also initiated a debate to explain why joints
never fail interfacially. Bikerman argued [197,202] that the strength
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of an adhesive bonding is not determined by the molecular attraction
between the adherend and the adhesive but by the mechanical properties
of the two phases or in some cases the properties of a weak boundary
layer formed between the phases. By considering a two-dimensicnal
structure, Bikerman [203] argued that a crack situated at the
interface must propagate either between two molecules of the adhesive
ar between two molecules of the substrate, or between a molecule of
each. It these three conditions are equally probable then the
probability of the crack propagating along the interface between (n+l)
pairs of digsimilar molecules is (1/3)“, and this probability of
course decreases even further if a three-dimensional structure is
considered. Bikerman concluded that in such cases the fracture can
never occur only along the adhesive/substrate interface for purely

Later, Bikerman considered the forces of attraction between two
dissimilar molecules such as gases and showed that the attraction
between two dissimilar molecules is smaller than between two identical
strong molecules, but greater than between two weak molecules and
hence concluded that molecules favour rupture in cohesion in the
weaker phase. He also indicated that rupture rarely proceeds exactly
between the adhesive arnd adherend, that the "failure in adhesion" need
not be treated in any theory of adhesive joints [204].

Bikerman's ideas have been critically examined by many scientists
{125,205-207]. Huntsberger [205] and Voyutskii [152] have shown that
these simplified assumptions are not valid in most practical systems
and argued that a shortooming of WBL theory is where the structure of
polymeric adhesives are not taken into account. They pointed ocut that
structural features such as chain entanglements, crystallinity, and
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orientation of chains and crosslinks will result in the cohesive
fracture stress often being much greater than that required for
interfacial failure where often only secondary intermolecular forces
are involved. Further, even if the locus of joint failure is cohesive
in the adhesive or substrate, close to the interface, this does not
necessarily imply the presence of a weak boundary layer.

Good [206] amongst many others have suggésted that the stress
distribution in the joint and around the tip of a crack propagating
close to the interface causes mechanical focusing of the failure path
close to the interface. Good [207] argues that despite some practical
usefulness of the WBL theory, the experimental proof has never been
shown for the universality of the theory. Gocd and others
[205,206,208-210] have shown experimentally that the interfacial
failure can occur and does so fairly frequently due to WBL.

By applying Auger electron spectroscopy and X-ray photoelectron
spectroscopy more cases of interfacial failure have been confirmed
[211-213]. For example, Gettings et al [212] applied (AES) and (XPS)
to show the locus of failure on epoxy resin/metal joints. For dry
joints the fracture is near but not exactly at the interface whereas
after exposing the joints to water, the fracture occurs interfacially
between the adhesive and metal oxide interface. Briggs [211] by
examining the fractured joint of polyethylene/epoxide adhesive by XPS
could show that there was no evidence of the transfer of polyethylene
to the epoxide.

Schonhorn et al [153,194,195,214] adopted the WBL theory to
investigate the gas plasma treatment and other methods on improving
the adhesive bonding of many polymeric substrates. Crane and
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Hammermesh [215] showed that the adhesion of thin plasma polymer films
to a number of plastics substrates is a function of the chemical
nature of the substrate and ot that of the film, also the bond
between film and substrate is probably chemical in nature.

The character and cause of boundary layers are well defined foi:
polyolefins [145]. Bikerman [216] rejected a long established idea
ﬁuat the poor adhesion of commercial polyethylene was due to its non-
polar nature. This polymer contains impurities such as monomers,
oligomers, and surface active additives (e.g. blowing agents,
lubricants, and antioxidants) which may reach to the surface of the
polymer causing a weak boundary layer. Bikerman showed that purified
polyethylene, which is less polar than commercial grades, formed
proper joints in all tests. Therefore he emphasised that the poor
adhesicn could not be due to the non-polarity of the surface but
mainly the result of impurities which spread between coating and the
substrate.

4.3 INTERFACIAL BONDING

4.3.1 The Interface: Observations
It is important to recognise that the interface is a region of finite
thickness, wherein the segments of macramolecules may interpenetrate.

Its mechanical strength will very much depend on its structure.
Interfacial region or interphase possesses a certain thickness and its
mechanical properties are different from those of the contiguous
phases [217,218]. A practical definition of "good adhesion” is that
the interfacial region (or nearby material) does not fall under
service conditions nor at unacceptably low stress levels under test
conditions [219). If the interface is stronger than either of the two
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adherends, failure occurs within the weaker adherend; this is termed
ochesive failure. If failure occurs at the original interface this is
termed adhesive or interfacial failure.

Mattox [219] has argued that adhesion or adhesive strength being a
macroscopic property depends an the chemical and mechanical bonding
across the interfacial region, the intrinsic stress and other
gradients and the adhesive failure mode. The failure mode depends on
the interfacial structure and the siress to which the interface is
subjected. Hence the good adhesion is pramoted by: strong bonding
across the interfacial region, low stress levels, absence of easy
deformation or fracture modes and no long-term degradation modes.
Different types of interfacial region have been classified [219,221]:

a) Mechanical interface:

This type of interface is formed by mechanical interlocking of the
coating material with a rough porous substrate. The adhesion
depends on the mechanical properties of the combination of
materials;

b) Monolayer on mornolayer interface:

This interface is characterised by an abrupt change from the
coating to the substrate in a thickness of the corder of the
separation between atcms (2 to 5 ;\). Interfaces of this type may
be formed when there is no diffusion and little or no chemical
reaction between the coating atoms and the dense and smooth
substrate surface. This lack of interaction may be due to the lack
of solubility between materials, little reaction energy available,
or the presence of contaminant layers. In this type of interface,
defects and stresses will be cambined to a narrow region;
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c)

d)

e)

Chemical bonding interface:

The chemical or compound interface is characterised by a constant
chemical composition across several lattices. The formation of the
interface layer results from the chemical reactions of coating and
substrate atoms which may also be influenced by the residual gas.
The compound formed may be either an intermetallic compound or
alloyorachanicalccmpmmdsuchasanoxideoranitridg etc.
They are usually brittle materials showing some porosity in the
interfacial region;

Diffusion interface:

In this type of interface there is a gradual change in the lattice
and the camposition in the coating/substrate transition region.
Sane partial solubility is required for diffusion between the
coating and substrate to take place. Different rates of diffusion
of the coating and substrate atoms may result in Kirkendall
porosity in the interfacial area. For thin films Kirkendall
porosity may not develop because of rapid surface diffusion. This
type of interface has advantageous characteristics of forming
transitional layers between very different materials, e.g. for
reducing mechanical stresses resulting from thermal expansion;

Pseudo-diffusion interface:

This type of interface can be formed under more energetic
situations such as ion bombardment, ion implantation or
melting/quenching. Pseudo-diffusion ‘interfaces have the same
advantageous characteristics as diffusion interfaces, but in
contrast with the latter they can be formed from materials that do
not mutually diffuse i.e. which are ncormally insoluble. Ion
bambardment before coating can increase the interfacial solubility
which in effect will increase the diffusion by creating high

concentrations of point defects and stress gradients.
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Pulker et al [221] have argued that one type of interface seldom
occurs alone and in normal practice, cambinations of the various types
of interface layers often cccur simultanecusly.

In ancther method of classification [218] the interfaces are divided
into two main types: sharp and diffuse, and three types of adhesive
behaviour may be observed:

1. sharp interface with weak molecular force;
2. sharp interface with strong molecular force:;

3. diffuse interface with any molecular force.

4.3.2 Interfacial Properties

Although attempts to form chemical bonds between adherends are
commonly made, the real nature of the interface and the extent of
chemical coupling achieved are generally rather uncertain {219,221].
In chemical banding the interaction is due to the transfer or sharing
of electrons. In true chemical bonding such as covalent and ionic
bonding as well as in metal bonding the bonding forces are very
strang, depending on the degree of electron transfer. A high degree of
electron transfer will result in compounds or ionic solids which are
normally strong but brittle, whereas electron sharing will produce
alloys or metallic type materials which are more ductile.

It has been argued [222] that a strong joinf would be developed fram
Van der Waals forces alone and that strong (chemical) bonding at the
interface is not really necessary. It has even been questioned whether
interfacial chemical bonds are formed at all. It has been suggested
[223] that in some cases, as little as 103 to 10_2 mole fraction of

appropriate reactive functional groups, when incorporated into

100



polymers, can greatly increase the adhesive bond strength. At such low
amounts, polymer bulk properties and wettability are practically
unchanged. Furthermore, the effectiveness of functional groups in
adhesion promotion is quite specific with respect to surface chemical
canposition. These findings suggest that the improved adhesion results
fram interfacial chemical bonding. Wake [223] has concluded that an
excess amount of functional groups should be avoided as they may

degrade the bulk properties and thus adversely affect the joint
strength.

Same authors [218] have emphasised the importance of the intimate
molecular contact at the interface for achieving a strong adhesive
bond. They have argued that because Van der Waals attraction between
two planar macroscopic bodies diminishes rapidly with distance by Z~3
(where Z is the distance of separation) and that the equilibrium
interfacial separétion is typically 2 to 5 ;\, then an intimate
molecular contact at the interface is necessary to obtain strong
interfacial attraction. Without intimate molecular contact,
interfacial attraction will be very weak, and the applied stress that
can be transmitted from one phase to the other through the interface
will accordingly be very low. They have concluded however, that in
many cases an intimate molecular contact alone is not sufficient to
give a strong adhesive bord.

Voyutskii [224] has argued that the first step in the formation of an
adhesive bond is the establishment of interfacial molecular contact by
wetting. The molecules will then undergo motions towards preferred
configurations to achieve the adsorptive equilibrium, diffuse across
the interface to form diffuse interfacial zones, and/or react

chemically to form primary chemical bonds across the interface.
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4.4 INTERFACIAL AND ADHESION PROFERTIES OF POLYMERIC SYSTEMS

Most research has been reported on the adhesion of metal-polymer
joints [119,125,167,225] and the real interest in polymer-polymer
systems has only started in the last decade and is proving to be more
camplex. Polymer surfaces and interfaces are mobile and will rearrange
or reorient at the interfaces to minimise the interfacial free energy
with the surrounding zone [226]. This is contradictory to the
classical surface chemistry which assumed that solid surfaces were
rigid and immcbile. Although same motions and relaxations may be
expected from polymer molecules in the near surface or interface
region, they are not identical to the motions observed in the bulk due
to the different interfacial environment. Some studies on the
structure and dynamics and mobility of polymer surfaces and interfaces
have been reported [227,228].

Andrews and Kinloch [222,229] studied the adhesion of a styrene-
butadiene copolymer (SBR) crosslinked in situ on various substrates,
including poly( tetrafluoroethylene-co-hexafluoropropylene ) after
various surface treatments, and a number of other plastic materials:
poly(chlorotriflucroethylene}, polyamides and poly{ethylene tere-
phthalate). The work of detachment was measured over a range of rate
of separation and of temperature. Under given conditions, the work of
detachment was found to be greater for chemically treated than for
untreated or plasma treated surfaces. It was suggested that chemical
treatments create surface unsaturation which can form primary chemical
bands with SBR layers during the crosslinking reactiomn.

It has also been noted [221] that in many cases the coating/substrate
system is not totally stable once the coating process has ended, and
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it continues to change physically and chemically until it reaches a
stable condition. The adhesion of the coating to its substrate often
undergoes marked changes during this time. Three processes, which
generally progress slowly, have been recognised responsible for this
ageing: chemical reactions in the interface layer area, solid body
diffusion across the interface layer, and changes in the crystal
structure (recrystallisation through self-diffusion). These processes
are strorgly dependent on Watum. Their speed ususlly increases
with increasing temperature.

4.5 FACTORS AFFECTING THE ADHESICN

Adhesion of a coating to a substrate is a complex property which
depends on a large number of factors. Sane of these are based on the
chemical and mechanical properties of the two cawponents. The others
are influenced by the preparation of the substrate, the coating
process and the environmental properties after the coating process is
campleted. Sane of the more important of these parameters are reviewed
here.

4.5.1 The Effect of Contact Time on Adhesion

The influence of contact time between coating and substrate provides
cne of the most essential proofs of the diffusion theory of adhesion
[149,152]. Figure 4.6 shows a typical curve, obtained by Voyutskiil et
al [149] characterising the variation in adhesion of butadiene-
acrylonitrile copolymer to "cellophane" as a function of time from the
moment of preparing the bonded sample to the moment of its peeling.
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FIGURE 4.6: Dependence of Adhesion, Ad, of Copolymer SKN-40 to
Cellophane on Time, T, Elapsed from the Moment of
Preparing the Bonded Specimen to the Moment of Testing
(230]

As shown in the above figure, the adhesion of a high molecular
adhesion to a polymeric substrate increases rapidly with contact time
at first and then more slowly approaching a definite limiting value.
Similar results have been ocbserved by Forbes and Macleod ([231] who
investigated the adhesion of different elastomers pressed together
(autchesion) under low pressure at varving times. This finding ignores
the possibility of explaining the increase in adhesion as a result of
evaporation of remaining solvent in a coating. By applying these and
other analogous results, Voyutskii et al have concluded that when the
system consists of two elastomers the limiting adhesive strength is
established more rapidly than when one of the high molecular
camponents of the sample is in a glassy state and its molecules or
their segments are incapable of thermal motion.
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4.5.2 The Effect of Pressure on Adhesion

Scme studies on the adhesive films, coated on the substrate surface
from a solution have shown that an increase in pressure has no effect
on the adhesion strength. At the same time the positive effect of
pressure on adhesion has been demonstrated when a solid adhesive is
brought into contact with the substrate [232]. This dependence is
explained by the fact that, other conditions being equal, an increase
in pressure ensures more complete contact between the two phases owing
to elastic or plastic deformations of the irregularities of the
surface. The adhesion of polymers to metals having a rough surface
has been studied by Packham [233]. Oonsidering the effect of various
idealised surface features Packham has stated the following equation:

Par

X = &1 -
( TLVCOSB+Par

)

L is the length of a cylindrical shaped roughness with a radius of r.
Yy and 0 respectively are the surface energy and contact angle (see
Chapter 5) of the adhesive (coating). x is the distance of
penetration and P, is the atmospheric pressure. More detailed studies
an this and corresponding relationships are reviewed in Chapter 5.

4.5.3 The Effect of Temperature on Adhesion

According to the diffusion theory [149,152], the adhesion and
autchesion mechanism, do not differ in principle. Therefore it can be
assumed that the action of temperature in bonding high polymers of
different kinds will be the same as that in bonding high polymers of
the same kind. The dependence of adhesion on the bonding temperature
has been shown by Voyutskii et al [232] for bonded samples of
cellophane and butadiene-acrylonitrile copolymer. The bonded samples
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were heated at different temperatures for 40 minutes before peeling.
The adhesion strength increased without tending to a definite limit

{Figure 4.7).
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FIGURE 4.7: Dependence of Adhesion, Ad, of Copolymer SKN-40 to
Cellophane on the Temperature, t, of Heating the Bonded
Specimen [234]

Same other experiments [234] using high polar butadiene-acrylonitrile
ocopolymers and various elastomers showed that the contact temperature
is only effective with polar elastomers. Hence they concluded that the
incompatibility of polymers owing to their major polarity differences
would result in no or poor adhesion.
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CHEPTER 5
THERMODYNAMICS OF ADHESION

5.1 AN INTRODUCTION TQ WETTING AND ADHESION

Wetting is usually referred to as the interfacial interaction and the
extent of spreading of a liquid over a solid surface; it is expressed
quantitatively in terms of "work of adhesion" (see Section 5.2).

The possible actions of a drop of liquid (i.e. point) contacting an
ideal flat solid surface are shown in Figure 5.1. The balance of
surface tensicns (energies) between a liquid resting on a solid, and
the related magnitude of the angle of contact, 8, will influence and
direct the wetting conditions. The surface energy of liquids are
easier t© measure than those of the solids, and are well documented
for various liquids, (see Section 5.5 and Appendix 1).

FIGURE 5.1: Possible Actions of a Droplet of Liguid Contacting a
Solid Surface

a) It will remain as a drop

6 > Q°

8
VAV AN AN AV
b) It will spread to form a thin film and remain in place without any

real chang
IR SIS

c) It will spread ocut initially (i), then retract to form droplets
having modified the surface (ii)

(1) 7 77 7 7 7
(i1) A A (\\/
S S
e.g. due to liquid dissolving material foam substrate which

affects surface tension or liquid losing wvolatiles and changing
surface tension.
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The ability of solids to be wetted out and have a uniform film of
liquid across their surfaces can be better understood from determining
their respective surface tension, Yg, and critical surface tensicon,
YC' values.

The methods of measurement of surface tension of solids, and the
mathematical relationships existing between Yo and the other wetting

parameters are reviewed here.

5.2 WORK OF ACHESION AND OUHESION

The reversible work of adhesion, (WA)' required to separate the
interface between two systems, was first put forward by Dupre in 1869,
almost 60 yvears after the Young's equation was proposed [104,114,121,
125,235,236] (see Section 5.7.1.1)

Yoy =Yg, *+ Y1y COS@ (Young's equaticon) (1)

T T TS

FIGURE 5.2: The Mechanical Equilibrium of a Drop Resting on a Plane
S01id Surface Under the Action of Three Surface Tensions

(see Figure 5.3)
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Carbining equations (1) and (2) will give:

Vi
Wa =Yy (1 + cosb) (Young-Dupre equation) (3)
where Yiy; = the surface energy of the liquid in contact with its
vapour.
vgy = the surface energy of the solid in contact with the

licquid's vapour.
Ygr, = the surface or interfacial energy between the solid and
the liquid.

FIGURE 5.3: Schematic Illustrating the Work of Adhesion in Separating
a Liquid from a Solid's Surface

Therefore the two quantities necessary to calculate the work of
adhesion are the surface tension of liquid and the equilibrium contact
argle.

In a similar approach, taking a homogenecus system and producing
separation to two fresh surfaces, the reversible work is the work of
cohesion (wc) (see Figure 5.4):

v
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Liquid e g‘,;_";}i
for solid)

FIGURE 5.4: Schematic Illustrating the Work of Cohesion in Separating
a Liquid or Solid into Two Parts

5.3 THE EQUILIBRIUM SPREADING PRESSURE, He

Adsorption of liquid vapour on a solid substrate tends to lower the
surface tension of the solid and increase the contact angle. The
amount of decrease in surface tension is defined as the equilibrium
spreading pressure of the vapour on the substrate, I

125,233]:

e [104,121,

e =Yg = Ygv

i

where Yg the surface tension of the substrate (solid or liquid) in
vaccum (or in equilibrium with its own vapour) and
Ygy = the surface tension of the substrate in equilibrium with

the saturated vapour of the wetting liquid.
Bangham and Razouk [237], and Boyd and Livingston [238] showed that
when studying the work of adhesion of a liquid to a solid (see Section

3.2) the vapour adsorption on the surface must be taken into account
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The He is usually assumed to be negligible when 0 > 10°, but more
significant when o < 10° [239].

Some typical results for organic vapours on metals and metal oxides
are shown in Table 5.1.

TABLE 5.1: Eqgquilibrium Spreading Pressure Obtained by Vapour
Adsorption Measurement at 25°C (After Ref 240)

Solids Liquids Contact Angle e _;
8, degree (mN.m )
Copper n-Heptane 0 29
Silver n-Heptane 0 37
Lead n-Heptane 0 49
Iron n-Heptane 0 53
Tin n-Heptane 0 50
Water = 168
l1-propanol o 83
Fe, 04 n-Heptane 0 54
Sno,, n-Heptane 0 54
510, Water 0 316
TiC, Benzene 0 85

Cn low energy solids such as polymers, He is usually very small or
zero [241]. On the other hand, there is some evidence, where high
values of I, with large contact angles was found [242] (Table 5.2).
It may be proposed that normal RIM mould pressures (i.e. between 1 to
3 bars) [244] will aid contact between PU coating and substrate
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materials, i.e. influence the spreading pressure, I . This so called
"mechanically imposed wetting"” is also utilised in many printing
processes involving viscose inks, including screening, litho, gravure,
etc. Here the sharpness of the printed image is dependent on the
surface energetics of ink and substrate, and the shear rates employed
[245].

TABLE 5.2: Equilibrium Spreading Pressure Calculated from the Contact
Angle at 20°C (After Ref 243)

Solid Liquid YLv Contact e
(nN.m 1) Angle,  (mN.m1)
8, degree
Polyethylens Water 72.8 94 0
Methylene iodide 50.8 52 0
Hexadecane 27.6 0 7.6
Hexane 18.4 0 14.5
Poly(methyl Water 72.8 76 9.2
methacrylate) Methylene iodide 50.8 41 0
Hexane 18.4 0 10.0

5.4 THE SPREADING COEFFICIENT, SC

The spreading coefficient of a ligquid on surface, SC' has been defined
by Harkins [246] as the energy released per unit area when the liquid
with a free surface spreads over the surface. The liquid spreads such
that for each unit area of solid/vapour interface which disappears,
equivalent areas of solid/liquid and liquid/vapour interfaces are
formed. In other words, the spreading coefficient is the difference
in energy equivalent to Ygv ~ (‘YLV + YSL) [247,248]
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S¢c = Ysv = (Vv + Ygr) (1)
For spontaneous spreading of a liquid on a solid, i.e. zero contact
angle
ScZ 0

It has been assumed [248] that since yg; is often negligibly small,
then

Sc =Ysv - Vv

and therefore a useful approximation, Yoy > Your for spreading.

Considering the Young's equation:

Yegu = Ygr = Yy cosb (2)
. and combining equations (1) and (2)
Sec =Yy (cos® - 1) (3)

A useful relationship established between work of adhesion, W, work
of cchesion We, and the spreadirg coefficient is given as [248,249]:

where Wp =Yy (1 + Cosb)
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Therefore for spontaneous spreading, Wp > Wn. It has been emphasised
that the relationship (4) is only an indication for initial spreading
coefficient andafinal coefficient exists under the condition that
once spreading has occurred that liquid can remain spread.

Fox and Zisman [250] studied the surface energy relations of various
liquids on same fluorinated polymers, as shown in Figure 5.5. It was
concluded that, as the liquid surface ﬁensim decreases, the contact
angle on a given surface decreases, ard the spreading coefficient.

increases [252].

o)
—% LTFE
2.80-20 00POLYMER
. - 3.60-40 COPOLYMER
AKEL-F
-201—
£
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O
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| 6o~
«
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- \
\
\
VO [ T DO (R S B

20 30 &0 50 60 70 80
SURFACE TENSION (20°C),mN.m1

FIGURE 5.5: Surface Tension vs Spreadinyy Coefficient of Some Liquids
on Fluorinated Polymers (after Ref 251)

114



A method for measuring the spreading coefficient, Sc, depending on the
sessile drop hedight, h, resting on a smooth, solid, flat surface,
where no edge effects occur, was introduced by Padday [253] (Figure
5.6).

Travelling microscope

{ Liquid B Q:“__Q > Observer
TN 3

Horizontal and temperature
controlled surface

- Sessile drop

FIGURE 5.6: Schematic Diagram Illustrating Test Method Used to
Measure Spreading Coefficient of a Liquid on a Solid
(After Ref 104)

The spreading coefficient for a ligquid on a solid is given by:
Sc = - 1/2pg h? (5)

The relationship (5) was found on the basis that after a sessile drop
is formed, then further adding of the liquid will only increase the
drop diameter but not its height above the s01id surface. It was
concluded that the validity of this relationship was only accepted
when:

a) the edge effects can be neglected and the sessile drop treated as
a cylinder

b) that the solid surface is uniformly smooth

C) an equilibrium is reached in the system.
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5.5 THE SURFACE ENERGY (TENSION) OF LIQUIDS AND SOLIDS

The surface energy of a liquid or solid is the amount of energy
required to form a unit area of new surface. The surface molecules are
in canstant irward attraction from the bulk material. This attraction
tends to reduce the number of molecules in the surface layer region,
resulting in an increase in intermolecular distance. Hence, the
surface layers have a higher energy lewvel than the bulk and the
excess is the surface energy, y [119,254].

Since energy is required to produce new surfaces, the surface has
properties equivalent to it being in tension, hence the term often
used “"surface tension". For pure ligquids, the free surface energy is
equal to the surface tension. The surface free energy of various
liquids is shown in Table 5.3. It is worth mentioning that surface
energy units can be presented both in mN.ml and mJ.m™2 units (i.e.
since energy (J) = force (N) x distance (m)). It should be noted that
mixed systems such as liquid surface coatings, will have a value of
surface free energy dependent on the type and proportion of additives
present [93]: solvents, wetting agents, spreading agents and pigments
will have a marked effect on the value of the resin binder.

TABLE 5.3: Surface Free Energy Components of Variocus Licuids mN.m~t

[255]
s d

Liquid "Ly v Y
Water 72.8 21.8 51.0
Glycerol 63.4 37.0 26.4
Formamide 58.2 39.5 18.7
Methylene iodide 50.8 49.5 1.3
Ethan 1,2 diol. 48.3 29.3 19.0
Dimethyl sulphoxide 43.54 34.86 8.68
Tri-cresyl phosphate 40.70 36.24 4.46
Pyridine 38.00 37.16 0.84
Dimethyl formamide 37.30 32.42 4.88
2-ethoxyethanol 28.6 23.6 5.0
n-hexadecane 27.6 27.6 -
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Brewis [256] has stated that the surface energies of an adhesive and an
adherend are two of many factors which can affect the resultant

breaking stress of an adhesive joint.

5.6 SURFACE TENSION OF LOW BAND HIGH ENERGY SOLID SURFACES, Yqg

The surface tension or surface energy is a useful parameter in
determining many surface characteristics of solids, i.e. polymers.
Solid organic polymers and substances such as waxes are classed as low
surface energy solids [257,258] with vg usually less than 100 mN.m !
(Table 5.4). In contrast, metals and metal oxides belong to high
energy solid surfaces {262] normally having Yg greater than 500 mN.m ™t
(Table 5.5).

TABLE 5.4: Surface Tension of Some Low Energy Solid Surfaces (After
Refs 259, 260)

Material v. at 20°C
i mN.m~ 1 )

Polymers

Poly(tetraflucroethylene)
Polypropylene

Polyethylene

Polystyrene

Poly(ethiylene terephthalate)
Poly(vinyl chloride)
Poly(vinylidene chloride)

s b s L0 )
U’H—'.\]l..\)sﬂ8\0
OUMWONNH

*

Organic solids and pigments

Paraffin wax 32.0
Chlorinated copper 42
phthalocyanine (green) -0
Copper phthalocyanine 46.9
Metal-free phthalocyanine 52.8
Toluidine red 53.0
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TABLE 5.5: Surface Tension of Same Metals and Metal Oxides [261]

Material Temperature Surface Tension, TS,
o¢c (mN.m™ 1)

Matals

Lead (MP 327.5°C) 327.5 470
Aluninium (MP 660°C) 660 873
Gold (MP 1064°C) 1064 1130
Copper (MP 1083°C) 1083 1300
Iron (MP 1535°C) 1535 1760

Metal Oxides

PbO 900 79
FeO 1420 585
AL,0, 2080 700

The relationships between surface energies and wetting equilibria have
been reviewed by many authors [14,114,116,119,247]. Fowkes, [263]
considering the intermolecular forces existing in a system, proposed
that the total free energy at a surface is the sum of dispersion and
hydrogen bonding force components (Table 5.6).

y =y3 +yh
Following this suggestion, Owens and Wendt [146] considered a

theoretical expression for the interfacial free energy between two
substances (see Section 5.7.1.5)
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TABLE 5.6:

Surfaces [260]

Surface Tension Conponents for Low and High Energy Solid

Material Yg st TP
-1 -1 -1
(mN.m ) (mN.m =) (mN.m )
Low energy surfaces
Polytetrafluoroethylene 19.1 18.6 0.5
Polytrifluoroethylene 23.9 19.9 4.0
Poly(vinylidene fluoride) 30.3 23.2 7.1
Poly(vinyl fluoride) 36.7 31.3 5.4
Low density polyethylene 33.2 33.2 -
Polypropylene 30.2 30.2 -
Poly(methyl methacrylate) 40.2 35.9 4.3
Poly(vinyl chloride) 41.5 40.4 1.5
Poly(vinylidene chloride) 45.0 42.0 3.0
Polystyrene 42.0 41.4 0.6
Poly({ethylene terephthalate) 47.3 43.2 4.1
Poly(hexamethylenc—-adipamide ) 40.2 35.9 4.3
High energy surfaces
Al,04 638 100 538
Fe,04 1357 107 1250
S10, 287 78 209
- dy d,1/2 hy hy1/2
Yyp = ¥y + ¥y =2 (1@ ¥ G2 _ 2 (v hy 1/
or
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Substances 1 and 2 may either be liquids, or solids, or they may be a
canbination of a solid and a liquid.

It has been argued [264] that the polymer surfaces with a higher
surface free energy (> 35 mN.m'l) are better substrates for painting
than those with lower free energies. Garrett [265] has shown that
liquids having surface free energies in the order of about 37 mN.m 1
or less rest on all solids with some work of adhesion, whereas
surfaces having free energies greater than 37 mN.m 1 exhibit higher
work of adhesion on strongly polar solids than on non-polar solids.

Gray [266] based on Dupre's eqguation suggested that higher wvalues of
work of adhesion, Wy, can be achieved by lowering the surface energy
between solid and liquid, YsL {see Section 5.2)

Wp =Yy + Ysv ~ gL (Dupre's equation)

This means that the adhesive (coating) should show chemical affinity
or interaction with the adherent (substrate). He suggested that
similarities in properties like molecular size, shape, cchesive energy
density and ability to swell or diffuse into one ancther lead to low

YsLe

The concept of low surface free energy inhibiting adhesion of paint
films has been challenged by Sharpe and Schonhorm [267,268]. Their
criterion essentially proposes that a mobile liquid with small or zero
contact angle, which will spread readily, flow into crevices and
achieve true contact with little opportunity for the voids which may
act as stress concentrators, is of prime importance. Furthermore, it
has been suggested that an additior}al requirement is that the
interfacial free energy, Ygr should be as low as possible.
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5.7 SURFACE TENSICN OF SOLIDS: METHODS OF MEASUREMENT

Compared to the liquid surfaces, solid surfaces are in many ways more
difficult to treat from a theoretical point of view and also more
difficult to quantify in certain important respects. One of the major
problenms in describing the solid state is that the surface tension of
the so0lid is not susceptible to direct measurement. For a liquid, the
newly formed surface rapidly takes upon eguilibrium conformation,
whereas the same is not true of a solid surface. The latter is likely
to have a considerable range of wvalues of surface free energy, varying
from region to region on the surface, and also at any one point,
unlike the surface of a liquid, the surface tension need not be the
same in all directions.

The usual techniques of measurement of surface tension of solids can
be divided into: direct and indirect methods [269-271]. The direct
methods, reviewed in the relevant literature [272], have little
importance as they are often very camplicated and rarely give reliable
or repeatable results. The indirect methods are more camon and are
reviewed here.

5.7.1 Indirect Methods of Measurement for Yg
Indirect methods are those in which the surface tension is deduced

from the measurement of one of it effects on the equilibrium
properties of a solid. It is worth mentioning that some of these so
called methods are basically treatments of results from a single
method (i.e. contact angle). Some of the more important indirect
methods/treatments are as follows [273,274]:
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1. contact angle

2. critical surface tension

3. application of acid/base theory
4. the harmonic mean method.

5. the geametric mean method.

6. the equation of state method.

The ligquid homology (molecular weight dependence) method, and polymer
melt (temperature dependence) method have also been proposed and

reviewed in the related literature [274,275].

5.7.1.1 Contact angle
The idea of contact angle and how a drop of liquid, resting on a flat

solid surface could came to equilibrium under the action of forces
shown in Figure 5.2, was initially put forward by Thomas Young over
180 years ago [235,263].

Yoy = Ygp * Yoy ©0S 6 {(Young's equation)

Later, it was Bangham and Razouk [237] who expressed the surface
tension of liquids and solids by considering the adsorption of liquid
vapour on the solids and taking the saturated vapour into account (see
Section 5.3).

Zisman et al [14,250,252,277,278] were the first to study and develop
an empirical relationship based on cos ¢, and the surface tension of
the wetting liquids, on low energy polymeric surfaces. They stated
that for a sufficiently smooth and homogeneous solid surface, the
tendency of a given mass of liquid to spread will increase as the
contact angle, 6, decreases. Hence, the contact angle is a wvalid

122




inverse measure of wettability, whereas, cos 8,
measure. It has been shown that in general 6 decreases as Yov
decreases, for a given variety of liquids on a given surface (Table
5.7). The exception to this generalisation may occur if the Ygr, of the
liquid giving the lower angle is much smaller than that of the liquid
giving the higher angle. The relationship between cose and ¥, for the
four series of liquids on polytetrafluorcethylene, given in Table 5.7,

are shown in Figure 5.7.

is a useful direct

0
02 halocarbons o 01k n—atkanes c//
:04" . o
x o,
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20.3-
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SURFACE TEMSION AT 20°C { mi. o) SURRLCE TESIH AT 20°C (min.oAD)
FIGURE 5.7: Liquid Surface Tension vs Cosine 6 for Four Series of

Liquids on PTFE at 20°C (After Ref 252)
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TABLE 5.7: Surface Energy and Contact Angle_of Four Series of Liquids
on Polytetrafluoroethylene at 200C [278]

Licuid YLvl 0
(mN.m™ ) (degree)
n-Alkanes
Hexadecane 27.6 46
Tetradecane 26.7 44
Dodecane 25.4 42
Undecane 24.7 39
Decane 23.9 35
Nanane 22.9 32
Octane 21.8 26
Heptane 20.3 21
Hexane 18.4 12
Pentane 16.0 Spreads
Di(n~-alkyl) ethers
Octyl 27.7 49
Heptyl 27.0 47
Amyl 24.9 40
Butyl 22.8 31
Propyl 20.5 i9
Isopropyl 17.8 Spreads
Halogenated Compounds
Methyl iodide 50.8 88
-Bramonaphthalene 44.6 73
Sym~tetrachlorovethane 36.3 56
Hexachlorobutadiene 36.0 60
Tetrachloroethylene 31.7 49
Carbon tetrachloride 26.8 36
Perfluorotributylamine 16.2 Spreads
Miscellaneous Liquids
Water 72.8 108
Glycerol 63.4 100
Formamide 58.2 92
Ethylene glycol 47.7 90
tert-Butyl naphthalene 33.7 65
Polyethyl siloxane 23.3 43
Triptane 18.9 <5
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It was also argued by Zisman [280] that for a good adhesion between an
adhesive and a substrate, the contact angle of adhesive must be zero.

This will result in an increased area of mutual contact between the

surfaces and minimm stress concentrations. This in tuwrn leads

to a better interfacial contact arxd leads to maximising molecular

attraction across the interface.

It is apparent that s0lid surfaces are not always homogenecus and/or
planar. The contact angle, 8,, cbserved when a liquid wets and advances
initially over a dry solid surface and 0, observed an a receding
liquid frcm a previously wetted surface have been investigated by many
authors [14,121,226,227,280]. Zisman {14] has stated that by careful
preparation and handling of smooth surfaces, no significant
differences are fourd bebtween the slowly advancing and the receding
contact angles of pure liquids. Ellison and Zisman [277] reported
that with many liquids having 6 < 50°, adding more liquids to the drop
would not increase the contact angle. In many instances where the
surface has been solvated or otherwise chemically attacked by the
liquid, only the initial contact angle has been reported.

Bikerman [216] has pointed cut that only the liquids which form very
small contact angles are capable of wetting a solid surface and if the
value of ¢ is large no satisfactory contact between the coating
(1liquid) and substrate is achieved. He has emphasised the importance
of reporting all the facts and observations for each pair of wetting
liquid and substrates and hence avoiding generalised statements such
as: the wetting liquid is no good because of its poor adhesion!

Rance [247] showed that by measuring the dimensions of a drop of
liquid being small enough (V < 10710 m3), so that gravitational
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distortion will be negligible then the contact angle can be measured
from the height, h, and base diameter, 4, by: tanf/2 = 2h/d. This
method can be applied to all drops considered to be a segment of a
sphere where d < 0.5 mm and 6 < 90° [281,282].

Ellison and Zisman [276,277] studied the wettability of a number of
polymer surfaces with different end—-groups, using hydrogen-bonding and
halogenated liquids (Figure 5.8). They showed that the wettability by
polar hydrogen-bonding liquids is increased by the presence of both
the amide and the ester group in the solid surfaces but to a much
greater extent by the amide group. The wettability by organic
halogenated liquids is less affected by the amide or ester groups as
might be expected from the inability of these liquids to form hydrogen
bonds.

COSIHE &
8 , DECREES

— — Polyethylene
I o Polyamide \

O Polydethylene t.erephthalate)\\

0~ A Polystyrene -130

-1 I i 1 | 1 A
0 45 S0 S5 B0 65 10 15
SURFACE TENSION, (¥.m~") 4T 20° ¢

FIGURE 5.8: Liquid Surface Tension vs Cosine of the Contact Angle for
Several Liquids on Surfaces of High Polymers Studied
(After Ref 277)
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5.7.1.2 Critical surface tension, Yo
Zisman et al {14,250,252,276,277,279] measured the contact angles

formed by many homologous series of liquids on a number of low energy
solid surfaces. As a result, a linear relationship between the cosine
of the contact angle (cos 8) and the surface tension of the liquid
(YLV) was Observed. At the intercept of the line cose =1 (i.e. 8 =
0°) with the extrapolated straight line, a new parameter, Y, critical
surface tension, was defined [93,104,119,121,256] (Figure 5.9).

[
")
o
©

© (degrees)

cos O

0.0

7]
o
o

Surface tension of testing liquids v, mN.m!

FIGURE 5.9: Critical Surface Tension, Yc

Critical surface tension, Y, is used as a measure of the wettability
of a so0lid surface, dependent on the type of liquids used, and is

1 with the testing temperature being

expressed in units of mN.m™
specified, consequently all liquids for which vpy < Y should spread

on that solid surface.

When a series of homologous pure liquids are used, a straight line or
a narrow band is often obtained [14] (Figure 5.10), whereas with non-
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hamologous liquids, the data is often scattered within a rectilinear
band or a straight line with upward curvature for hydrogen bonding
liquids (Figures 5.11 and 5.12).

Zisman [14] has stated that with rectilinear bands, vy, is chosen as
the intercept of the lower limb of the band at cos§ = 1. The critical
surface tension values for a mmber of so]_.id surfaces are shown in
Table 5.8.

TABLE 5.8: Critlcal Surface Tensicn of Wetting of Same Scolid Surfaces
(After Refs 259,260)

Material Y at 20°C
(mN.m'l)

Polymers

Poly{ tetrafluoroethylene) 18.5
Low density polyethylene , 31.0
Polypropylene 31.0
Poly(vinyl chloride) 39.0
Polystyrene 43.0
Poly(ethylene terephthalate) 43.0
Polyamide 6.6 46.0

Crganic solids and pigments

Paraffin wax 23.0
Chlorinated copper phthalocyanine (green) 27.5
Toluidine red 27.5
Copper phthalocyanine 31.3
Metal-free phthalocyanine 35.6
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FIGURE 5.10:
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Different values of Y, may be obtained using polar, ron-polar, or
hydrogen bonding liquids [250,279,280]. It has been argued by Hata et
al [285] that the highest value of Y, should be taken into account
because under these conditions, Ygr, will be minimum [235], i.e.

Yyy ©0S0 = Yoy = Ygqr, (Young's equaticn)

For wetting:

YLV=YCandcosB=l

Therefore: Yo =Ygy ~ YsL

It has been shown [247] that by the replacement of protons in the
molecular structure of many monomers by more polar atoms or groups or
the insertion of polar molecules along the main chain results in an
increase in Yo of the polymer. This increase in vy, has been observed
by Zisman [14] in the case of replacament of fluorine by hydrogen
atams on the surface of bulk polymers. Table 5.9 shows the Yo of a
number of polymers, where chemical structure of monomers is compared
with ethylene and arranged in an increasing order relating to the
relative increase in the polarity of the campounds.

5.7.1.3 BApplications of acid-base theory

A useful approach in understanding the wetting phencmena is based on
Lewis' acid-base theory [273,286,287]. An acid is considered
electrophilic, thus being an electron acceptor (proton donor), and a
base, nuclegphilic, and thus an electron donor (proton acceptor).
Many authors [288-290] have shown the possibility of explaining the
adhesion properties of a system by using the acid-base interactions
expressed through electron donor/acceptor properties.
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TABLE 5.9: Critical Surface Tension of Wetting of Same Polymers [260]

Chemical Structure

of monamer campared
with ethylene

Y at 20°%c
(mN.m_l)

Polytetrafluorethylene
Polytriflucorethylene
Poly(vinylidene fluoride)
Poly(vinyl fluoride)

Low density polyethylene
Polypropylens
Poly(methyl methacrylate)
Poly(vinyl chloride)
Poly(vinylidene chloride)
Polystyrene

Foly(ethylene terephthalate)

Poly(hexamethylene adipamide)

4H replaced by F
3H replaced by F
2H replaced by F
1H replaced by F

1H replaced by CHy
I1H replaced by ester
1H replaced by Cl

2H replaced by Cl1

1H replaced by
benzene ring

Polar monaners
inserted

(ester, amide) in
hydrocarbon chain

18.5
22
25
28
31
3l
39
39
40

46

Pimentel and McClellan [291] have classified the solvents according to

acid-base theory (Table 5.10):

TABLE 5.10: Solvents Classification According to Acid-Base Theory

(After Ref 286)

Proton donors Proton acceptor Proton donor Not-forming
(electron accep- (electron donor or proton hydrogen
tor or acidic) or basic) acceptor bonding
Chloroform ketones water Aliphatic

ethers alcohols hydrocarbons

esters carboxyl acids

arcmatic hydro- primary and

carbons secondary

amines
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Small [292] pointed out that polymers can also be characterised as
proton donors and proton acceptors. Table 5.11 shows the types of
hydrogen bonding capability for a number of polymers.

TABLE 5.11: Polymer Classification According to Acid-Base Theory
(After Ref 247)

Proton donor Proton acceptor Proton Acceptor
(electron acceptor (electron donor or and

or acidic) basic) Proton donor
PVC Polymethylmethacrylate Polyamides
Chlorinated polyethy- Polystyrene Polyimides

lenes Or polypropy-

lenes

Poly(vinylidene) Ethylene vinylacetate Poly(vinyl alco-
fluoride copolymers hol)
Ethylene-acrylic Polycarbonate

acid copolymers

Fowkes and Maruchi [136,293] studied the wettability of a mumber of
acidic and basic polymers by applying a range of acidic and basic
liquids. Their studies were based on earlier work by Drago et al
[78,138] who regarded hydrogen bonding as a sub-set of Lewis acid-base
interactions. Fowkes concluded that liquids and solids which may be
polar but have the same electron accepting (or donating) capability
interact by dispersion forces alone. For a basic surface, only acidic
liquids were found to produce a positive contribution to W,3P, where
ab refers to acid-base attractions. Hence it was argued that the
contribution to interfacial interacticons by purely dipolar forces,
WP, is very small and may be neglected.

= w.d ab
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— d ab
Ywvw *Yw *Yv

5.7.1.4 The harmonic mean method

This method has been advocated for obtaining surface tension, Yg, Of
ow-energy solids, i.e. polymers [273,264,295]. It is based on the
assumption that surface tension is the sum of dispersive and polar
camponents;  and that harmonic mean relations exist:

Yg = Yd + yP

Yd Yd YP YP
Wy = 4 LSV YW, Ysv T

Yoo Y PP

(harmonic mean equation)

Using the harmonic mean in the Young's equation gives

v il | vsP Y
(1 + Cosd) ypy = 4[sv e, 1P va

Y svd"YLvd s *YLVP

By applying the contact angles of two testing liquids

d.,.d P y.P

For liquid 1: (1 +Cos 6;) y; = 4 [Yld st LS S
v %%rg% v Per P

For liquid 2: (1+Cos6,y) vy =4 [Yz vsd L Y22 s

deﬂ’sd T2PHrgP

If the intermolecular attractions of the testing liquids are known,
the dispersion and polar camponents of solid surface tension can be
obtained by solving the two simultanecus equations.
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5.7.1.5 The gecmetric mean method
The idea of critical surface tension introduced by Zisman [14,279] was

developed by Girafalco and Good [296], and Fowkes {121,297] who
emphasised on bringing all forces acting across an interface and
shaping it in the form of a geoametric mean relationship. Fowkes
suggested that with non-polar liquids in contact with another
material, the mutual interaction is due to the dispersion interactions
of the two materials only.
Yag =Ya + Vg - 2 (a0 vgH1/?

It has been shown [273] that the dispersive camponent of a liquid
(i.e. liquid 1) could be calculated from its interfacial tension with

a saturated hydrocarbon (i.e. liquid 2) for which the polar component
of the surface tension is zero, i.e.

Y2 =Y2d
Y12 = W+ v - 20118y )1/2

The surface free energy cawponents of various liquids are given in
Table 5.3 (see Section 5.5). Although Fowkes had only applied this
method to liquids, later others adopted this approach and combined it
with Young's equation to measure the dispersive and polar components
of solid surface free energies [298,299]:

(1 + Cos8) vy = 2 [ygd vpyH/2 + (4P v
(or W)

Using two testing liquids of known surface tension, respective contact
angles are measured and solving the two simultanecus equations will
give ySd and Ysp of the solid

134



For liquid 1: (1 +Cos0q) vy =2 [(-\(]_d Wr'Sd)]‘/2 + (YleSp)l/zl

For liquid 2: (L +Cos6) vp = 2 [y, vgHY2 + (v PyP)1/2

It has been argued [299] that this method is inadequate for low energy
surfaces i.e. polymers, but preferred for high-energy surfaces, i.e.
metals.

5.7.1.6 The equation of state method

This method for finding the surface tension of a solid, uses the
critical surface tension, Yor of a surface obtained from the contact
angle measurements of a series of testing liquids. The y, plotted
against vy, will result in a curve known as the equation of state
plot, in which the maximum critical surface tension value will be
equal to the surface tension of the solid:

Yo = 1lim YLV
60

Cosp = 2 (Y€ y1/2 _
YLv

or it can be arranged to:

(1 + Cosg)? Yiv (equation of state)

i

Yo

The equation of state plots for a mumber of polymers are shown in
Figure 5.13. The Zisman's critical surface tensions designated as Yoz
are shown in these figures.
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Equation of state plots for some polymers at 20°C (After ref 300)
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CHAPTER b6
RESEARCH PROJECT: AIMS AND OBJECTIVES

6.1 PROJECT ATMS AND OBJECTIVES

The main objective of this research project is to irmwvestigate the

adhesion phenomena occurring between a number o©of polyurethane

substrates and various one- and two-pack FU surface coatings.

The literature review presented in the preceding Chapters 1 to 5 has
demonstrated a mumber of relevant conclusions:

1.

FU mouldings surface coated by the IMC technique impart many

advantages both in process cost saving and in the improvement of
the finished properties.

Several theories have been put forward to explain the mechanisms
of adhesion, wetting and interfacial bonding. However most of
these theories have been reported on the adhesion of metal-
polymer joints and the real interest in polymer-polymer systems
has only started in the last decade and proves to be more

canplex.

Many factors may contribute to the adhesion between two polymeric
surfaces such as substrate and coating in which one material is
initially in a mobile, fluid state and solidifies in the
processing stage for the establishment of the bond. The ultimate
adhesion properties will not only depend on the actual strength
of the individual bonds, but also on the wetting and

137




thermodynamic properties, the surface effects (e.g. WBLs) and
envirommental factors. The resultant microscopic air bubbles in
the interfacial region giving rise to stress concentrators,
differences in pressure, temperature and other external factors
may also affect the adhesion properties of these systems.

A number of discussions with relevant polymer moulding and paint
manufacturers have shown that although several of these canpanies
cautiously welcomed the concept of IMC and its extension to a
wide range of polymer substrates, this idea has not been fully
accepted by many others. It seems reascnable to assume that this
lack of interest reflects the conservatism in both the polymer
and paint industries.

During the preliminary stage of this research it was recognised that
introducing polyester substrates (as additional polymeric materials)
could be beneficial in order to provide a more complete understanding
of interfaces produced.

The primary aims of this research are:

1.

To provide a detailed study of adhesion/bonding in PU and

polyester IMC and PMC systems using established and modified/

devised test techniques.

To gain a fuller understanding of the mechanisms of interfacial
formation between PU substrates and PU based coating materials
under different processing and enviromental conditions.
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3. To study the influence of different factors such as the effect of
coating, substrate, coating process and others on the adhesion
properties of coated systems. The parameters giving optimum
properties and also those factors giving rise to defects will be
identified.

It is hoped that this project might help to f£ill the gap in this
particular area of research.

A number of experimental programmes were selected and the
corresponding testing techniques were carried ocut. Several of these
tests did not give satisfactory results with coated samples in this
research. This was partly due to the near chemical composition of the
substrate and coating materials. For example, the analysis of
urethane/urethane systems with X-ray photospectrometry (XPS) and
secondary ion mass spectrametry (SIMS) techniques proved problematic
and did not work for cur purpose {see Chapter 8).

Other techniques such as X-ray diffraction, infra-red spectrosopy,
acoustic scanning microscopy (ASM), thermogravimetric analysis (TGA)
and dielectric thermal analysis (DETA)} provided some information about
the single polymer (i.e. substrate or coating) but their application
for coated systems where the interfacial region was of major interest
could not give useful /meaningful results.

Given the above aims, the structure of the thesis continues as
follows. Chapter 7 describes the materials, equipment and techniques
used for the preparation of the IMC and PMC mouldings. Chapters 8 to
11 discuss the measurements and present the results and discussion of
surface analysis, mechanical, thermal and microscopy techniques.

139




Chapter 12 will try to draw together variocus results, and develop an
overall thesis of the adhesion phenamena related to PU surface coating
on PU substrate. The final chapter brings together a mumber of points
which emerge fram the preceding chapters and gives some suggestions
for further work.
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CHAPTER 7
MATERIALS, EQUIPMENT END SAMPLE FPREPARATION

7.1 INTRODUCTION

This chapter is divided into two parts. The first part will review the
materials and equipment used in this research. The second part will
describe the preparation of various IMC and PMC polyurethane and
polyester samples.

TABLE 7.1: Coating Materials

Type and Specification

MRC (120N)" One-pack air drying PU paint
2 to 3 mins drying time at 20°C
Flash point: below 329C low flash
Thinners: FB/2/141
Cleaners: Acetone, MEK or standard cellu-
lose thinners

MRC (200)* Two-pack PU paint
Viscosity: 22 to 38 secs (Ford B4 St at
20°C) ‘

Ratio of Components: 9 vols. Caomponent A (i.e.
polyol mixture)
1 vol. Reactor {(i.e.
isocyanate mixture)

Drying time: Apgro:d.mately 5 mins at
20~C

Thinners/Cleaner: 8/333

Flash point: Below 22°C

Pot life: 3 working hours
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Table 7.1 {continued)

Type and Specification

MRC (600 S/R)™

One-pack self-releasing PU barrier coating
Supply: 2 volumes MRC (600) type lacquer
1 volume MRC (600) thinner
Viscosity: (Before thimning) 30/32 secs (Ford
B4 St at 20-C)
{After thinning) 22/24 secs (Ford
B4 St at 207C)
Drying time: Approximately 20/30 secs at mould
temperatyre of 40°C
Cleaner: 4031-025
Flash point: -2°C

X-225/c2885"%

This is an 8% solids solution of a vinyl
chloride, wvinyl acetate, wvinyl alcohol
terpolymer in methyl isobutyl ketone and 1,1,1-
trichlorocethane.

X-220/C2075/C770*

X-220 is a hydroxy terminated acrylic system
containing a di-functional polyester. The
solids are 10% in =xylene, methyl iscbutyl
ketane and 1,1, 1-trichloroethane.

The above system is reacted with C770, an

isocyanate terminated prepolymer. The ratio is
100:7.

X-226/c2885"%

This is a fully reacted aliphatic isocyanate
based polyurethane polymer in xylene, methyl
isobutyl ketone, 1,1,l1-trichlorcethane and
isopropancl. The solid is 4%.

* Manufactured by MacPherson Coatings Limited, London
+ Manufactured by Compounding Ingredients Limited, Blackburn
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7.2 MATERTALS AND EQUIPMENT

7.2.1 Coating Materials
A nmumber of one and two pack PU based coatings mamufactured and

supplied by MacPherson Coatings Limited (Barking), and
Campounding Ingredients Limited (Blackburn) were used throughout
this work. These are cowenticonal comnercial systems. These
coating types and specifications are shown in Table 7.1.

7.2.2 Materials and Formulations for PU-RIM Mcalding

The specification and processing data for the isocyanate and
polyol components supplied by Baxenden Chemical Company
(Accrington), and used for polyurethane RIM production in this
research are shown in. Table 7.2.

TABLE 7.2: PU-RIM Material and Processing Data’

Specification
Hydroxyl number: 448 )
Water content (%): 0.65 ) Polyol camponent
Viscosity at 25°C (mPas): 4500 ) N
Processing formulation: Polyol: (HE-DO-60-004) 100 pbw

Blowing agent: TCFM 6 to 10 pbw
Isocyanate: Pol ic M1
(Desmodur 44V10B) 129 pbw

Processing Data

Cream time (sec): 16
Gel time (sec): 32
Temperature of the raw materials (°C) 20 to 25
Mould temperature (©C): 45 to 75
Density, free rise with 10 pbw TCFM blowing agent 65
(kg/m3): 3

Density of self-skimned foam (kg/m”): 300 to 700
Demould time for 10 mm wall thickness (min): 4 toc 6

7 Data from the manufacturer
* Marnufacturer's designated reference.
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7.2.3 Materials for PU Foams Processing

The properties and processing data for materials supplied by
MacPherson Polymers Ltd (Stockport), and used in the production

of self-skinning, semi-flexible and rigid polyurethane mouldings

in this research are shown in Table 7.3.

TABLE 7.3: PU Foam Materials and Specifications”

Semi-flexible Rigid Polyure-
Polyurethane thane
Isocyanate system
Product type and reference: Polymeric MDI Polymeric MDI
(2875/003) (2875/000)
=NQD value (%): 27.5 to 29.5 29.0 to 30.5
Appearance: Clear dark Clear amber
brown ligquid liguid
Specific gravity at 25°C: 1.22 1.20
Viscosity at 25°C (mPas): 170 to 230 200 to 250
Recamended storage temp- 5 to 25 5 to 25

erature (°C):
Polyol System

Product type amd reference: Polyether polyol  Polyether polyol
(SR711 pigmented) (pigmented)

Appearance: Brown liquid Black liquid
Functionality/equivalent 3+/1500 to 2000 4+/1000 to

weight: 1500
Blowing Agent TCFM TCFM

Typical mixing ratios,
Polyol /blowing agent/ 104/15/41 68/12/76
isocyanate (g):

Mould temperature (°C): 45 to 60 40 to 60

7 Data from the manufacturer
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7.2.4 Polyester Materials

a) Polyester Liquid Resins

Three chemically different polyester resins, supplied by Scott Bader
Caompany Limited (Wellingborough), were used as the basis materials for

formulation and processing applications in this research. The resing
properties are listed in Table 7.4.
TABLE 7.4: Typical Properties of Liquid Crystic Polyester Resins"

Crystic 196°  Crystic 198" Crystic 199%

Chemical type Orthophthalic Orthophthalic  Isophthalic

Appearance Light straw Light straw Straw

Viscosity at 25°C 9 5.5 6
(Poise)

Specific gravity at 1.12 1.11 1.10
25°C

Acid value (mg KOH/g) 21 24 26

Volatile content (%) 33 36 38

Stability in the dark 6 6 12

at 20°C (months)

Gel time at 25°C (mins)

using:

Crystic polyester 100 pbw

Catalyst Paste H 4 pbw 8 12 16
Accelerator E 4 Pbw

Test methods as in BS 2782: 1976

# Data from the marumfacturer
* Curing agent waspresumed to be styrene (at normal stoichiametric
amounts)

b) Catalysts

Catalysts for use with polyester resins are usually organic peroxides.
Since pure catalysts can be unstable, they are supplied as a paste or
liquid dispersion in a& plasticiser, or as a powder in an 1nert: filler.
A 50% solution of medium redctivity methyl ethyl ketone peroxide for
cold curing formulations, manufactured and supplied by Scott Bader Ltd
under the name catalyst M was used in this work.
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c) Accelerators
Many chemical compounds will act as accelerators for polyester resins,
but those most comonly used are based on cobalt soaps or tertiary

amines.
A solution of cobalt socap (0.4% cobalt) with the storage life
approximately six months in the dark at 20°c and supplied by Scott

Bader Ltd designated as accelerator E was used in this work.

7.2.5 Materials for Coated PU Spray Foam Production

The substrate material used was "ISOFOAM SS-0658", a two camponent
polyurethane foam system designed for spray applications, supplied by
IPI, USA. The polymeric isocyanate component, "SS-0658A", oontained
reactive isocyanate groups. The pelyol camponent "SS-0658B", was a
cambination of polyols, catalysts and TCFM. A more reactive version of
polyol systems was "SS-0658BM". The raw materials specification and
typical physical properties of ISOFOAM systems are shown in Table 7.5.

TABLE 7.5: Typical Properties of ISOFOAM Substrate Materials”

Specification $s-0658A 55-0658B
Viscosity at 20°C (Poise): 3 6.5
Specific gravity at 20°C: 1.23 1.13
Mixing ratio (Pbv): 100 100
Spray reactivity, tack free (secs):

S5-0858B 7

SS-0858EM 4
Physical Properties ISOFOAM SS-0658
Density, core (kg/m3): 40
Closed cell content (%): >90

Humid ageing at 70°C, 100% RH,
Volume change (%):

1l day ) +4
7 days +7
14 days +10
28 days +12

Test methods as in ASTM: D-16, D-21, D-28
# Data from the manufacturer
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The coating material was "FUTURA-THANE 5000", a 100% solids, two
component, fast curing urethane based elastomer manufactured by Futura
Coatings Inc (New Jersey), USA. The physical and performance
properties of Futura coating used in this research are shown in Table
7.6.

TABLE 7.6: Typical Properties of FUTURA-THANE 5000 Coating”

Specification Component A Component B
Mixing ratio (Pbv) 1 1
Solids (mixed) (%):

by weight 100%
by volume 100%
Storage stability (months): 6 B

Performance Properties FUTURA-THANE 5000
Hardness (Shore A): 80%s
Water absorption, 3 days 1.5

at 25°C (%):

Test methods as in ASTM: D-1475, D-1353
¥ Data fraom the mamafacturer.

7.2.6 Mould Release Agent

The mould release agents MACWAX (RL47) and MACSIL (RL110) manufactured
and supplied by MacPherson Coatings Limited were used in this
research. MACWAX is a high-bcoiling hydrocarbon wax in aerosol form
especially formulated for use at moderate temperatures in areas where
a silicone release agent is not desired. MACWAX is particularly

effective for the release of microcellular and integral-skin foams.

MACSIL is a siliccone aerosol release agent. It has a special
formulation enabling it to form a more even coating on the mould
surface than other silicone compounds, resulting in the use of less
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materials to achieve satisfactory release. The specifications of both
types are shown in Table 7.7.

TABLE 7.7: Mould Release Agents Specificationsf

MAGWAX (RIA7) MACSIL (RL110)
Type: - Wax blend Silicone blend
Solids (%): ' 2.4 3
Specific gravity: 0.937 0.990
Solvent: TCFM/aliphatics
Drying time at 15°C (sec) 50 50
Mould types: All types of mould surfaces
Flammability (°C): >32 >32
Health and safety (TLV): 1000 ppm for TCFM

400 ppm for aliphatics

# Data from the mamufachumrer.

7.2.7 Spraying Equipmen

Two types of spray guns suitable for the type and dimensions of
mouldings studied in this research were used. An "Aerograph Sprite
Airbrush" manufactured by the Devilbiss Campany Limited (Bournemouth)
was used for smaller mouldings. The Sprite is based on the design of
Asrograph "Super 63" and is a gravity feed airbrush incorporating a 5
ml capacity cup and requires 0.2 cfm of compressed air at 30 psi. At
a later stage of this research, a Sprite Major Airbrush, having a
higher capacity, double-action suction feed, model was also used.

Similar to the Sprite model, this version also operated fram an air
compressor or propellant canister, requiring 0.29 cfm of air at 30
psi.

148



The principal design features of the Sprite airbrush shown in Figure
7.1 include:

1. twin-action trigger for retractable needle and air valve oontrol
and also precision manufactured air cap and nozzle assembly gives
infinitely variable spray pattern and eliminates paint spatter;

2. adjustable tubular cam ensures positive needle control and pre-set
patterm width;

3. plastic paint bowl and glass container are used for quick paint
change and ease of cleaning.

Piastic cup

Twin-achon tngger

Flusg needle lochnut

o Paint conlamner
%‘_Imml_l'".l_

FIGURE 7.1: The Sprite Airbrush

The spray guns used for coating the larger mouldings (especially PU-
RIM mouldings) were of the types "MGL" and "Hobbit", both manufactured
by the Devilbiss Company. For proper painting applications, the gun
was held perpendicular to the spray surface at all times. It was
shown in practice that arcing the gun during spraying resulted in an
uneven coat of paint (Figure 7.2).
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The mamufacturer's recomended spraying distance between 150 to 200 mm

150—200mm Move Gun In
{6-8") , Straight Lin

.\

Keep
Wrist

FIGURE 7.2:

R ——

Arcing Gives
Uneven Coating

\ -

Wrist Is

WRONG Too Stiff

Spraying Action

was practised throughout the spraying.

7.2.8 Health and Safety Considerations

Isocyanates, like many other reactive chemicals, c¢an be hazardous if
However, in recent years, due to their increased
use in various industries producing PU products, more vigilant health_
and safety precautions, control limits and threshold limit values
(TLV) have been recomended. These precautions are shown in Appendix

handled incorrectly.

2.

7.3

7.3.1

The processing was carried out using a high pressure RIM machine:
Battenfeld SH-40-40,

SAMPLE PREPARARTION

PU-RIM Processing and Sample Preparation

supplied and demonstrated by the Baxenden

Chemical Company, Accrington, UK.

machine used is shown in Figure 7.3.
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Legend

1A Polyol tank

1B Isocyanate tank
2 Filter
Suction chamber

Low-pressure valve
Nozzle

ook W

FIGURE 7.3: Schematic Diagram of RIM Machine

The isocyanate and polyol components were forced out of the
pressurised tanks through filters into the suction chambers of the
pumps. From these chambérs, the material was conveyed by the
infinitely adjustable high-pressure pumps within the machine into a
low pressure circulation. After a foaming programme had been
initiated, the high-pressure circulation was started by closing the
low pressure valves. The camponents then circulated via an adjustable
nozzle through the mixing head and back into the tanks. This
circulation ensured exact temperature control in the material. While
the high-pressure circulation was proceeding, the reaction injection
process was initiated by a change—over in the mixing head. At the end
of the set foaming time, the system was changed back to high-pressure
circulation. The metering units were then switched off. The reactants
were allowed to form a partially cured, solid PU after which it was
demoulded. A number of PU mouldings for PMC application were made.
All samples were allowed a minimum of 7 days to reach a state of full

caure.
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For IMC PU mouldings, the mould was cleaned and release agent MACWAX
was thoroughly applied to immer surfaces. The paint system was then
applied to the wammed interior surfaces of the mould and allowed to
dry. RIM inserts were incorporated, the mould then closed and liquid
reactants were injected in the same manner as described above. A
minimum of eight IMC mouldings for each type of paint were produced.

7.3.2 P Foams Sample Preparation

For both semi~flexible and rigid processes, the isocyanate and polyol
systems were obtained as ready formulated raw materials (i.e.
catalysts, foam stabilisers, pigments, and other additives, had
already been introduced). The moulding preparation was carried out by
a hand-casting technique.

The cleaned and solvent wiped (i.e. trichloroethylene treated) open
mould of dimensicns 162 x 118 x 14 mm was left in the oven at 80°C far
about 10 min. Once the mould was removed from the oven, the release
agent was then applied evenly and sufficiently to the warmed mould
interior and left to dry. Mearwhile, the polyol and blowing agent were
mixed and stirred using paddle type stirrer for about 30 sec at 1500
rom. The isocyanate part was then added to this mixture and stirred
for ancther 10 sec at 1500 rpm. This mixture was quickly poured into
an already prepared mould which was closed rapidly and clamped under
pressure. The clamped mould was transferred to an oven at a pre-set
constant average temperature and kept throughout the time necessary
for the component to cure. Once the moulding was removed from the
mould, the mould was cleaned and the above procedure was repeated.
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For PMC applicaticn, the mouldings were carefully solvent wiped and
inspected (see Section 3.4.1). They were then dried for about 10 min
in the oven at 60°C. The mouldings were transferred to the spray
booth where a number of coated mouldings using one- and two-pack PU
coatings (see Section 7.2.1) were produced.

For IMC application, as soon as the release agent was flashed-off, the
paint system was applied to the immer mould using a spray gun (40 to
60 psi) under the spray‘ booth. Release agent application was not
necessary with the self-releasing barrier cocats (e.g. MRC (600 SR)).
However, in order to avoid any possibility of sticking, an occasional
coating of release agent acted as a safety barrier. Once the thinners
in the paint had flashed-off, the polyol/isocyanate mixture was .added
and the same procedure outlined above for uncoated mouldings was

repeated.

7.3.3 Polyesters Formuilations and Sample Preparation

Crystic polyesters are normally used in both hot and cold curing
formulations. Crystic 196 is suitable for cold curing only. Therefore
the cold curing route was chosen for all three polyester resins in
order to have a uniform system throughout the moulding process.

The formulation used for all Crystic resins was based on 100 plw
polyester resin, 2 pbw catalyst M and 1 to 4 pbw accelerator E.
Polyester resins were initially allowed to attain room temperature
before being formulated for use. The catalyst was then thoroughly
dispersed in the resin. The catalysed resin without accelerator
remained usable at room temperature (i.e. about 20°C) for
approximately 8 hours. Shortly before use the correct amount of

accelerator E was added and stirred into the catalysed resin.
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When accelerator E is added to resin which had been catalysed for
several hours, the gel time would be shorter than that for freshly
catalysed resin. It nust be noted that catalyst and accelerator
should not be mixed directly together since they can react with

explosive violence.

The amount of accelerator E controls the gel time of the resin

formulations. This can be approximately determined from Table 7.8.

TABLE 7.8: The Effect of Accelerator E an Gel Time of Resins"

Crystic 196 Crystic 198 Crystic 199

Parts of Accelerator
E to 100 parts of 1.0 2.0 3.04.0 1.0 2.03.04.0 1.0 2.03.04.0
catalysed polyester

Gel time at 15°C 25 14 11 10 51 32 24 19
(mins)

Gel time at 20°C 14 10 8 7 30 20 16 12 70 52 38 30
(mins)

Gel time at 25°C 11 7 6 5 19 13 10 7
(mins)

¥ Data fram the manufacturer.

Polyester resins formulated cutlined above were then poured into open
aluminium moulds (200 x 200 x 20 mm) already pretreated with release
agent and kept at a temperature of 20° to 25°C. Satisfactory polyester
mouldings for PMC applications could be made by curing at room
temperature (20°C). However it was realised that for having optimum
mechanical properties, the mouldings should be post-cured according to
their requirements.
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After release from the moulds, polyester C196 and Cl198 mouldings were
allowed to mature for 24 hours at room temperature. They were then
post-cured for a minimum of three hours at 80°C, although a longer
period at a lower teamperature gave almost the same result. It is worth
noting that post-cure was most effective when it was carried out

immediately after the 24 hour maturing period.

.Following the manufacturer's recamendation, polyester C199 mouldings
were cured at room temperature for several days, and then post-cured.
The post-curing temperature was built up in increments of 20°C. A
minimm of 4 hours post-curing time at each 20°C increase was carried

out.

For IMC polyester mouldings, after the paint systems applied to
released moulds were allowed to flash-off, the formulation and
processing of resins were followed in the same manner as that for
unvoated mouldings.

7.3.4 Coated PU Spray Foazm Preparation
The coated PU products especially prepared for this research were made
using the substrate and coating materials (see Section 7.2.5) at

Gusmer Corporation, New Jersey.

The application of coating to substrate was carried out at different
times and under various envirormental conditions (Table 7.9), so that
the effect of these variables on adhesion properties of coated foams
could be studied.
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TABLE 7.9: Various Coated PU Spray Foam Combinations

Sample No Time and condition after which coating
was applied

30 sec

30 min

45 min

60 min

24 hour (outdoor)

48 hour (indoor)

3 day (indoor) + 3 day (outdoor)
20 day (indoor) + 3 day (outdoor)

ONOUAWNR
R

Indoor: 18°C, 60% RH

Outdoor:  27°C * 5%, 80 % 10% rRy”

*  Typical New Jersey July conditions
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CHAPTER- 8
SURFACE ANALYSIS TECHNIQUES

8.1 INTRODUCTION

Physical and chemical information (including thermodynamic,
compositional, chemical state and molecular bonding) about the
outermost atomic layers of solid surfaces provides same useful data
enriching the understanding of a number of surface process phenomena
such as adhesion, wetting and interfacial bonding.

The surface analytical techniques studied in this Chapter are broadly
divided into two main groups: physical and chemical. First, the
methods measuring the physical properties (i.e. thermodynamic,
wettability and surface tension measurements) of surfaces are
reviewed. This is followed by methods of measurement of contact argle,
its experimental procedure and a report of its results and discussion.
A new technique for measuring the thermodynamic parameters of
polymeric surfaces is also presented. Second, some of the most
important techniques, currently available, capable of determining
chemical compositions of the surface layer are reported. Their
application and limitaticns in the polymer field with their especial
relevance to this research are reviewed. The results and discussion
of chemical techniques are then reviewed.

8.2 SURFACE BNALYSIS: FPHYSICAI, TECHNIQUES

Considerable effort has been devoted to developing surface analysis
techniques to provide useful information on physical properties of
surfaces.
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Thermodynamic parameters of substrates and their application to the
wettability and adhesian/interfacial bonding is of prime importance in
this research (see Chapter 5).

The contact angle data may be used to quantify the wetting behaviour
of each substrate in order to show its comnection with the adhesion of

different coatings to various substrates.

8.2.1 Methods of Measurement of Contact Angle (8)

The direct and indirect methods for obtaining surface tension of
solids have already been reviewed (see Section 5.7). The method of
measuring contact angle g (i.e. an indirect method for obtaining YS)
is the most widely used technique and has been fully reviewed in many
studies (see Section 5.7.1.1) [14,247,252,273,301].

The most common methods of measuring g for a drop of liquid resting on
a flat surface of the solid substrate include projecting the drop
profile on to a screen, photographing the drop profile, determining
the angle at which light from a point source is reflected from the
drop surface at the point of contact and the direct observation of the
drop through a horizontal microscope fitted with a goniometer
eyepiece. The latter method of direct "sessile drop" has been used in
this research and will be reviewed here.

8.2.2 Experimental Procedure

The contact angles of sessile drops resting on the flat solid
substrates were measured directly with a goniometer eyepiece equipped
with crosswires mounted on a horizontal microscope (see Section 5.4).
For all substrate surfaces the following procedure was used: the

specimen surface was allowed to equilibrate with the c¢losed
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surrounding in a controlled temperature (20 ¥ 1°C) and relative
humidity of 50 ¥ 5% prior to any measurement. By doing so, unaccepted
changes in the testing conditions were avoided and the possibility of

Initially the eyepiece of the microscope was positioned in such a way
that crosswires were in agreement with the goniometer. Prior to each
test, the adjustable platform equipped with a spirit level was
adjusted until the test surface was horizontal. A drop of liguid was
then carefully dispensed by the needle from a syringe (i.e. capacity =
0.5 ml and graduated to 1072 ml) to the test surface. The syringe was
fixed vertically on a stand and the needle tip remained in the drop
during the measurements to avoid any vibration or distortion.of the
drop affecting the result. The needle tip was cut level so that the
drop periphery could be advanced or receded at a constant rate,
radially fram the tip. The advancing contact angles were used in this
research and were measured by increasing the volume of drop in small
increments. The volume of drop was always maintained between 0.01 to
0.05 ml. No effect of drop wvolume on the contact angle was observed
within these 1limits. The tube attached to the eyepiece was then
rotated until the crosswires formed a tangent to the drop amd hence
allowed the contact angle to be measured from the position of the
pointer. The surface tension of testing liquids used in this research
have been reported in many articles [114,247,250,252]. The surface
test fluids (inks) were manufactured by Sherman Treaters Ltd (UK) with
a wide range of ypy values. However, the surface tension of all
testing liquids used in this research were measured and rechecked
using a ring balance tensiocmeter at different times during the

experimental work.
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Each reported g value is the average of a minimm of ten and a maximmm
of fifteen, separate measurements made on different places on a test
s0l1id specimen. The variation between ocontact angle measurements for
a given system (i.e. a testing liquid on a substrate) was generally
within ¥ 1 to ¥ 2°. Some difficulty, however, was encountered with PU
foam substrates (especially with ISOFOAM-0658), mainly because of
their surface character which resulted in the values of the ocontact
angle being less than the advancing angle. To overcame this effect the
sample was placed in the field of the goniameter as precisely as
possible so that a minimm of manipulation was necessary to bring the
liquid drop into position to read the angle. By doing so, a
measurement could be taken within 6 seconds after the drop was placed
and hence the adverse effect was minimised.

At a later stage of this research the contact angle measurements were
carried out with an instrumented contact angle meter (Kruss G40) and
its results showed close similarity with the results of a horizontal
microscope.

8.2.3 Initial Investigation

Due to some cowprehensive and collected information [14, 114,250,252,
276,280] on the wettability of polyethylene (PE) and polytetra-
fluoroethylene (PTFE) surfaces, the two polymers were chosen as
initial substrates for contact angle measurements. Using these
materials as references, the equipment and technique was developed.
The contact angle results for PE and PTFE substrates are presented in
Table 8.1 and Figure 8.1.

The relationship between Cosf and surface tension of testing liquids,
YLv- showed a good agreement with some previcusly obtained data by
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PE PTFE

Testing Yiv Save Cos 8 8ave Cos 6

Liquids mN.m > (degree) (degree)

Water 72.8 26 -0.104 107 -0.29

Glycerol 63.4 79 0.19 99 -0.16

Formamide 58.2 76 0.24 92 -0.035

Methylene

{odide 50.8 52 0.615 79 0.19

Surface ) 50.0 49 (.656 80 0.17

test fluids ) 47.0 43 0.73 76 0.24

{inks) 44.0 40 0.766 70 0.34
41.0 37 0.798 65 0.42
38.0 26 0.898 62 0.47
35.0 15 0.965 53 0.6

TABLE 8.1: Contact Arngle Measurements for PE and PIFE Substrates

Source of Critical Equation of the linear Correlation
reference surface relationship between coefficient
tension Cose Vv Yiv
Y, rnN.m_1
Cr
PE:
After Ref 302 37 v = 2.26 - 3.36 e % 0.977
After Ref 303 34 v =1.94 - 2.76 e % 0.970
After Ref 304 31.5 v=1.84-2.71 e % 0.938
This research 35 vy =2.02 - 2.90 e %x 0.973
PTFE:
After Ref 252 18 v = 1.59 - 3.28 e % 0.989
After Ref 305 20 y = 1.25 - 2.18 e % 0.970
This research 17 v = 1.38 - 2.38 e % 0.986

TABLE 8.2: A Comparison of Various Contact Angle Results for PE and
PTFE Surfaces
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others [252,302-305] and shown in Figures 8.2 and 8.3. A comparison
of these results is illustrated in Table 8.2 and Figure 8.4.

Critical surface tension, Y., values for PE and PTFE surfaces as
obtained by the best fit linear relationship gives v, between 31.5 to
37 mN.m™ 1 and 17 to 20 mN.m™1 respectively. The range of y » values for
PE is slightly larger than corresponding wvalues repc_xrted by Zisman
et al and others whereas forPPPEsnrrfacestrneYC{réiuesobtaixledare
within the range of values reported by many authors [14,146,247,280].

It seems reasonable to assume that a rectilinear band engulfing all
the contact angle results reported by various authors on the same
substrate would give a better picture than a linear relationship for
each case. In Figure B.4 the rectilinear band produced for PE shows
the region where Y., probably obtained at various conditions, is most
likely to be found.

8.2.4 Contact Angle and Wettability Results

The contact angle results for all the substrates are presented in
Tables 8.3 and 8.4 and Figures 8.5 and 8.6.

By applying the contact angle results reported above in a number of
surface properties relationships (see Chapter 5), some useful
thermodynamic parameters oould be calculated. The work of adhesion,
Wp, and the spreading coefficient, S,, are shown in Tables 8.3 and
8.4. The other parameters are discussed in the results and discussion
sections to follow and further examined in Chapter 12 (see Section
12.2.2). The critical surface tension, Yo, for all substrates can be
found either from the corresponding graphs of Cos6 against vy, (i.e.
surface tension of the liquid at Cose = 1) or by using the linear
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Wetting Liquids YLy Bave Coso W, mN.n! So mN.m ™1

591

oN.m b
v o 0 0

— = — £ —_ x —_ =

(-2 S S-S S L% @ g i1y 5

ES © = o EU o = o T3 > = & T3 o = S
Water 72.8 71 85 78 87 0.325 0.087 0.207 0.052 96.5 79.1 87.9 76.6 -49.1 -66.5 -=-57.7 -=-69.0
Ethan-1,2-diocl 48.3 35 34 47 25 0.819 0.829 0.681 0.906 87.8 88.3 81.2 92.0 -8.7 -8.2 -=15.4 -4.5
DMSO 43.54 31 29 30 - 0.857 0.874 0.866 - 80.8 81.6 81.2 - -6.2 -5.5 -5.8 -
DMF 37.10 - - 23 - - - 0.920 - - - 71.2 - - - -3.0 -
) 50 46 47 36 27 0.694 0.681 0.809 0.891 84,7 84.0 90.4 94,5 -15.3 -15.9 -9.5 ~5.4
Surface test ) 47 39 30 35 18 0.777 0.866 0.819 0.951 83.5 87.7 85.5 91.7 -10.5 -6.3 -8.5 -2.3
fluids (inks) ) 44 27 .27 26 15 0.891 0.891 0.898 0.965 83.2 83.2 83.4 86.4 -4.8 -4.8 -4.5 =1.5

Y 41 20 24 19 - 0.939 0.913 0.945 - 79.5 78.4 79.7 - -2.5 -3.6 -2.3 -

) 38 - = 10 = - - 0;984 - = - 7504 - - - _0-6 -
Glycerol 63.4 52 62 65 58 0.615 0.469 0.422 0.529 102.4 93.1 90.1 96.9 -24.4 -33.7 -36.6 -29.9
Formamide 58,2 47 53 47 49 0.681 0.601 0.681 0.656 97.8 93.2 97.8 96.4 -18.5 -=23.2 -=18.6 -20.0
Methylene iodide 50.8 39 41 38 34 0.777 0.754 0.788 0.829 90.3 89.1 90.8 92.9 -11.3 -12.5 -10.8 -8.7

TABLE 8.3: Contact angle measurements for polyurethane substrates



991

Wetting Liquids YLy Bave Cos 8 WA oN.m™! Se mN.m~
mIsIm'l C196 C198 C199 (196 C198 C199 C196 C198 C199 C196 Cc198 C199
Water 72.8 65 85 93 0.423 0.087 -0.052 103.6 79.1 69.0 -42.0 -66.4 ~76.6
Ethan-1,2-diol 48.3 38 51 55 0.788 0.629 0.573 86.4 78.7 76.0 -10.2 -17.9 ~-20.6
DMSO 43.54 23 38 46 0.920 0.788 0.694 83.6 77.8 73.8 -3.5 -9.2 -13.3
DMF 37.10 21 33 35 0.933 8.838 0.819 71.7 68.2 67.5 -2.5 -6.0 -6.7
) 50 33 52 57 0.838 0.615 0.544 91.9 80.8 77.2 -8.1 -19.2 ~22.8
Surface ) 47 27 45 52 0.891 0.707 0.615 88.9 80.2 75.9 -5.1 -13.8 -18.0
test ) 44 25 40 50 0.906 0.766 0.642 83.9 77.7 72.3 4.1 -10.3 -15.8
fluids ) 41 22 37 43 0.927 0.798 0.731 79.0 73.7 71.0 -3.0 -8.3 -11.0
) 38 20 36 41 0.939 0.809 0.754 73.7 68.7 66.7 -2.3 =-7.2 -9.3
) 35 14 32 36 0.970 0.848 0.809 68.9 64.7 63.3 -1.0 ~5.3 -6.7
TABLE 8.4: Contact angle measurements for polyester substrates
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equation for each substrate. The general linear equation of vy = ax + b
where y and x represent Cos® and yp,, respectively and Y, for each
substrate is shown in Table 8.5.

8.2.5 The Relationship Between Work of Adhesion, W,, Spreading

Coefficient, Sc and the Surface Tension of Testing Liquids, Yy
Figures 8.7 and 8.8 show the relationships between W,, S- and surface

tension of testing liquids for all the substrates. Linear and
polynomial (orders 2 to 6) relationships were tried and it was
established that a pelynomial relationship of order 2 (i.e. a
quadratic equation) would hold true best for Wp and S~ plots against
YLV for all substrates. The corresponding equations for PU and
polyester surfaces are shown in Table 8.6. By comparing the equations
for Wy and S for each substrate and considering the general quadratic
equatimofy=ax2+bx+c, Wy and S~ can be expressed in the
following forms:

y=-ax2+bx—c { for work of adhesion) (1)
y' = —a'xz + b'x - ¢' (for spreading coefficient) (2)
where y and y' represent the W, and S, respectively and x is y,; Of
wetting liquids. A further examination of all the reported equations

(see Table B.6) showed that the corresponding Wa and Sc equations for
each substrate are identical and that:

n

n

e

C
+
o
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As a result the equation for the spreading coefficient may be written

as:

y' = -ax + (b-2)x - ¢ (for spreading coefficient) (3)

In effect, the work of cchesion, We, which is the difference between
Wp and S, (see Chapter 5) would result from the subtraction of
equation (1) from (2):

We = y' -y = 2x

The maximum work of adhesion, Max WA, and the maximum spreading
coefficient, Max Sc, for each surface can be found by using the
corresponding graphs of W, and S against Ypy, or altematively they
can be calculated by differentiating the quadratic equations y or y’
with respect to x (i.e. the maximum point occurs at dy/dx (or dy'/dx)
= 0)

From equation 1:
-2ax +b

212

for Max Wy: %:0

From equation (3):

forMaxSC: ‘—;{i=0
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Table 8.7 shows the Max W, Max S~ and the corresponding ypy (i.e. at
x = b/2a and x = b+2/2a) for PU and polyester substrates.

8.2.6 Surface Tension, yg, of Polyurethane and Polyester Substrates

Tables 8.8 to 8.12 give the calculated values of st and YSP,
dispersion and polar components of the surface tension, and also Yg
where yg = st + 7YgP, for polyurethane and polyester substrates
acéording to Wu's harmonic mean method (see 5.7.1.4) and Fowkes-Young
geometric mean method (see 5.7.1.5). The testing liquids of known
dispersive and polar camponents used in these experiments are shown in
Table 5.3. The contact angles, 8, used in the calculations are the
average of a minimm of ten readings. In most cases applying a pair of
liquids in the harmonic or geometric equation would result in a
specific yg value for that substrate. The surface tension values
calculated for each substrate were then analysed and the unacceptable
Yg (i.e. exceptionally too high or too low) and no real Yg values
(i.e. a negative square root) were discarded. The average vyg of the
acceptable values for all the substrates is reported in Table 8.13.

The critical surface tension, vy, for polyurethane and polyester
substrates calculated according to the eguation of state method (see
5.7.1.6) are shown in Table 8.14. The equation of state plots for all
substrates are illustrated in Figures 8.9 and 8.10. Contrary to the
type of these plots reported in 5.7.1.6 to be of a curved shape, the
results are so scattered that only a locus containing all the points
may indicate an area where the maximum y~ would give a close
approximation of the surface tension, Yg- of that substrate. The Yg
values calculated from these plots are reported in Table 8.13.
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Substrate Linear equation for Correlation YC

Cosd Vv vy coefficient mN.m~L
Semi-flexible y = 1.6149-1.6904e"2x 0.925 36.4
PU
Rigid PU y = 2.002-2.5152e %x 0.953 39.8
RIM-PU y = 1.7767-2.0703e % 0.923 37.5
ISOFOAM-PU v = 2.4167-3.1196e %x 0.960 45.4
C196 y = 1.5140-1.4462e 2x 0.940 35.5
c198 y = 1.6351-2.07260 2x 0.967 30.6
C199 v = 1.6749-2.3252e 2x 0.984 29.0

TABLE 8.5: Wettability Eguations and Critical Surface Tensions for
Different Substrates

Substrate Max l:.'i YLV for Max §‘f Yiv for
mN.m Max wﬁ mN.m Max S&:-.
mN.m™ mN.m~
Semi-flexible 99.1 67.9 -3.7 35.0
PU
Rigid PU 92.2 57.7 -4.0 38.5
RIM-PU 93.2 60.8 -1.7 34.1
ISOFOAM-PU 97.7 56.5 -2.3 43.4
C196 103.6 72 -1.3 33
C198 84.6 59.6 -3.6 28.6
C199 78.2 56 -3.5 25.7

TABLE 8.7: Maximm Values of WA and SC for Different Substrates

172



€1

Substrate Quadratic Equation for Correlation Quadratic Equation for Correlation
WA v YLV Coefficient SC v YLV Coefficient
Semi-flexible y==40.931+4 .1273x-3.0400e™ 2x? 0.898 y=—41.32+2 . 143x~3.054e 2x2 0.966
PU
Rigid PU y=-81.276+6 .0152x~5.214e"2x2 0.846 y=-81.748+4.0335%~5.2306e " 2x2 0.989
RIM-PU y=-45.202+4.5531x-3 . 744 5e ™ 2x2 0.866 y=-45.523+2 ,5664x-3.7565e ™~ 2x 2 0.974
ISOFOAM-PU y==146 .54+8 .637x-7 .6367e 2x2 0.946 y=-145.74+6 .6131x~7 .6189e " 2x 2 0.995
196 y=—-28.908+3.6767x-2.5507e " 2x? 0.988 y=—28.496+1 .6616x-2.5376e” 2x2 0.991
€198 y=-30.146+3 .8493x-3.2287e"2x? 0.972 y=-29.883+1.8367x-3.2155¢ " 2x? 0.997
€199 y=—25.347+3 .6962x—3 .296 9¢~ 2x2 0.979 y==25.434+1.6992x~3 .2994e " 2x? 0.999

TABLE 8.6: Quadratic equations for W, and S, for different substrates
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Method Water Water Ethan-1 Glycerol Glycerol Foruamide
Ethan-1 DMSO 2-diol Methylene Methylene
2-diol DMSO Formamide {odide fodide

D = 23.1 D 24.9 D = 25,5 D = 25.0 D 37.8 D = 37.9

Harmonic P = 17.3 P = 16.6 p = 1l4.8 P = 17.9 P = 9.4 P = 7.1

Yg = 40.4 Yg = 41.5 Tg = 40.3 Yg = 42.9 Yg = 47.2 e 45.0
D = 16.1 D = 51.4 b = 32.4 D = 28.4 D = 1.3 D = 9.7
Geometric P = 9.4 P o= 11.4 P = 17,1 P = 16.3 P = 8.6 P 6.8
Yg " 25.5 Unaccepted yg " 49.5 Yg 44,7 Unaccepted vg ™ 1645
Water Water Water Ethan-1 Ethan-1 Ethan-1
Glycerol Formamide Methylene 2-diol 2-diol 2-diol
iodide Glycerol Formanide Methylene
iodide
4] 27.6 D = 26.5 D 37.7 D = 13.2 D = 34.0 D = 37.9
Harmonic P = 135.6 P = 16.0 P 12.9 P = 39.9 P = 9.2 P = 7.6
st 43.2 YB- 42.5 YB- 50.6 Ys 53.1 Ya-l&3-2 T- 45.5
D = 2.6 D = 13.5 D = 4.9 Unaccepted D - 3.2 D = 6.2
Geometric P = 7.8 P o= 9.1 P = B.2 Value P = 7.8 P = 6.9
Unaccepted Yg= 2.6 Unaccepted Unaccepted Unaccepted
DMSO DHSO DMSO
Glycerol Formamide Methylene
iodide
D = 24.2 D = 24.0 D = 38.7
Harmonic P = 18.8 P = 19.5 P = 2.4
yg = 43.0 yg = 43.5 Ye 41.1
D = 12.0 p = 30.2 D = 36.3
Geometeic P = 20.7 P 24.7 P = 1.6
Yg = 32.7 Yg 54.9 g = 379
TABLE 8.8: Surface tension, Yg (mN.m"l) calculated by harmonic and geometric methods for semi-flexible polyurethane

substrate
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Method Water Water Ethan-1 Glycerol Glycerol Formamide
Ethan-1 DMS0 2-diol Methylene Methylene
2-diol DMSO Formanide {odide iodide

D 44.7 D = 30.1 D = 26.2 D = 32.5 D = 37.1 D = 37.2

Harmonic P o= 5.7 P = 8.2 P = 14.5 P o= 7. P = 5.8 P = 5.3

Y, = 50.4 Yg = 38.4 Yg = 40.7 Yq 40.2 Yg = 42.9 Yg = 42.5
D = 67.0 b = 71.2 D 27.2 D 31.9 D = 20.1 D = 20.3
Geometric P = 0.2 P = (.02 P = 16.6 P = 2.4 P = 3.8 P o= 4.2
Unaccepted Unaccepted Yg = 43.8 Yy = 34.3 Yg " 23.9 Yg = 24.5
Water Water Water Ethan-1 Ethan=-1 Ethan~-1
Glycerol Formamide Methylene  2-diol 2-diel 2-diol
lodide Glycerol Formamide Methylene
icdide
D = 32.4 D = 32.4 D = 37.0 No real D = 19.1 D = 34.9
Harmonie P = 7.8 P = 7.8 P = 6.9 value P o= 231.5 P = 8.2
Tg = 40.2 14 = 40.2 g = 43.9 Yq » 42.6 Yg = 434
D = 39.6 D = 36.6 D = 22.3 Unaccepted Unaccepted D = 2.8
Geometric o= 1.4 P = 1.6 P = 2.4 value Value P = 8.0
Yg < 41.0 Yg = 38.2 ¥g = 24.7 Unaccepted
DMSO DMS0 DMSO
Glycerol Formamide Methylene
lodide
D 29.1 o] 28.2 b = 3.6
Harmonic P = 9.5 P = 10.8 P = 3,2
Yg ™ 8.6 Yg = 39.0 g = 40.8
b = 21.0 D = 11.3 D = 29.7
Geometric P o= 4.7 P = 7. P = 2.9
Yg = 25.7 Yg = 18.4 Yg = 32.6

TABLE 8.9: Surface tension, Ygq (mN.m-l) calcuylated from harmonic and geometric methods for rigid polyurethane substrate



Hethed Water Water Ethan-1 Glycerol Glycerol Pormamide

Ethan-1 DMSO 2~diol Methylene Herhylene
2—diol DHSO Pormanide 1odide todide
o o= 20.3 D = 27.0 D = 30.7 No real b = 38.7 D = 38.4
Barmonie P = 14.8 P = 12.3 P = 7.4 value P = 4.2 P = 6.8
¥y = 35.1 ¥y ™ 39.3 vg * 3.1 Tg = 42.9 Yg = 453.2
D = 1.6 D = 0.02 D = 17.3 D = 6.7 D = 33.0 D = 11.3
Geometric P = 7.0 P = 6.1 P = 4.1 P = 5.7 P = 6.4 P o= 6.4
Unaccepted Unaccepted Tg ™ 214 Unaccepted Yo ™ 39.4% Unaccepted
Water Water Water Ethan-1 Ethan=1 Ethan-1
Glycerol Formamide Methylene 2-diol 2-diol 2=diol
iodide Glycereol Formamide Hethylene
iodide
D = 20.1 D = 3L.5 D = 38.2 D = 0.6 or D = 60.6 b = 38.6
21.6
Harmonic P = 14.9 P = 1ll.1 P = 9.6 P = 13.6 or P = 0.6 D = 4.5
7.4
Yg ~ 35.0 Yo = 42.8 g = 47.8 g < * Unaccepted Yg = 43.1
D = 13.4 D = 13.6 D = 5.0 D = 10.7 D = 7.8 D = 28.7
Geomatric P = 8.5 P o= 3.7 P o= 4.7 P = 5.2 P = 5.8 P o= 2.7
Yg = 21.9 Unaccepted fnaccepted Unaccepted Unaccepted Tq = 3l.4
DMS0 DMS0 DMSO Water Ethan—1 DMSO
Glycerol Forsamide Methylene DMF 2-diol DMF
fodide
b = 30.7 D = 24.5 D = 39.2 D = 25.8 D = 26.9 D = 25.0
Harmonic P = 7.4 P = 18.7 P o= 2.4 P = 12.7 F = 9.4 D = 17.0
Yg = 38.1 Yg = 43.2 ¥g = 41.6 vg = 38.5 Yg = 36.3 vg = 42.0
D = 32.4 p o= 21.3 D = 37.0 D = 6.6 p = 0.6 D = 1112
Geometric P o= 2.4 P = 23.0 P = 1.6 P« 7.8 P = 10.3 P = B80.0
vg = 34.8 yg * 44.3 ¥g = 38.6 Unaccepred Unaccepted Unaceepted
Glycerol Formauide Methylene
DMF DMF iodide
DMF
D = 23.6 D = 18.6 D = 3.9
Harmonic P = 11.7 P = 32.0 P = 1.
Yg = 35.3 Tg ™ 30.6 yg = 4l.1
D o= 4.1 Unaccepted D = 41.3
Geonetric P = bk wvalue P = 0.2
Unaccepted yg ™ 415

* yg can be any of D+P combinations ({.e. 44.2, 38.0, 35.2 or 29.0}.

TABLE 8.10: Surface Tension, y (mN.m'l) calculated from harmonic and geometric methods for RIM polyurethane substrate
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Water Glycerol Glycerol Formamide Water Water

81

Ethan-1 Formamide Methylene Methylene Glycerol Formamide
2-diol iodide iodide
D = 70.7 D = 32.5 D = 40.1 D = 40.2 D = 43.4 D = 39.4
Harmonic P = 2.6 P = 9.4 P = 6.1 P = 5.4 P = 5. D = 5.7
Unaccepted vg = 41.9 Yg = 46.2 Yg = 45.6 vg = 48.5 Yg = 45.1
D = 63.0 D = 22.7 D = 20.9 D = 23.5 D = 64.5 D = 57.5
Geometric P = 0.2 P = 3.8 P = 4.0 P = 4.1 P = 0.1 P = 0.4
Unaccepted Yg = 26.5 Yg = 24.9 Yg = 27.6 Unaccepted Unaccepted
Water Ethan-1 Ethan-1 Ethan-1
Methylene 2=~diol 2-diol 2-diol
lodide glycerol formamide methylene
iodide
D = 40.2 No real D = 17.8 D = 3%.9
Harmonic P = 5.6 value P = 32.2 P = 9.0
Yg = 45.8 yg = 50.0 yg = 48.9
D = 37.3 Unaccepted Unaccepted D = 2.1
Geometric P = 1.4 value value P = 8.7
Y. = 38.7 Unaccepted

TABLE 8.11: Surface Tension, Yg (mN.m-l) calculated from harmonic and geometric methods for ISOFOAM-PU substrate
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Substrate Method Water Water Water Ethan-1 Ethan-1, DMSO
Ethan-1, DMSO DMF 2-diol 2-diol DMF
2-diol DMSO DMF

b = 17.8 D = 26.0 D = 25.0 D = 30.1 D = 26.1 D = 24.3
Harmonic P = 23.5 P = 19.3 P = 19.7 P = 10.4 P = 13.1 P = 27.2
g = 41.3 Yg = 45.3 vg = 447 yg = 4#0.5 Yg = 39.2 Yg = 5S1.5
C196
D = 295.0 D = 145.5 D = 365.0 D = 1.2 D = 105.0 D = 812.0
Geometric P = 18.9 P = 15.0 P = 19.6 P = 8.5 P = 22.0 P = 203.0
Unaccepted Unaccepted Unaccepted Unaccepted Unaccepted Unaccepted
D = 23.6 D = 26.2 D = 24.3 D = 27.5 D = 24.4 D = 22.7
Harmonic P = 10.1 P = 9.3 P = 9.9 P = 7.7 P = 9.6 P = 16.4
YB = 3307 YS = 3505 Ys = 34-2 YS = 35-2 YS = 34-0 YS = 39-1
Cio8
D = 17.9 D = 11.4 D = 2.2 D = 11.1 D = 3.7 D = 1018
Geometric P 2.8 P = 3.3 P = 4.6 P = 4.9 P = 11.4 P = 77.0
Yyg = 20.7 Yg = 14.7 Unaccepted Yg = 16.0 Yg = 15.1 Unaccepted
D = 31.5 D = 26.0 D = 25.4 D = 23.8 D = 24.4 D = 24.7
Harmonic P = 4.7 P = 6.0 P = 6.2 P = 8.5 P = 8.1 P = 7.3
Yg = 36.2 Yg = 32.0 Yg = 31.6 Yg = 32.3 Yg = 32.5 Yg = 32.0
€199
D = 48.9 D = 30.4 D = 29.9 D = 3.6 D = 1.1 D = 36.8
Geometric P = 0.2 P = 1.2 P = 1.3 P = 6.4 P = 7.4 P = 0.4
Yg = 49.1 Yg = 31.6 Yg = 31.2 Unaccepted Unaccepted Yg = 37.2

TABLE 8.12: Surface tension, Ygq (mN.m-l), calculated from harmonic and goemetric methods for polyester substrates



Substrate Harmonic Geametric Equation of
Mean Method Mean Method State Method
Semi~flexible v = 29.2 YO = 22.3
FU
7P = 15.0 vFP = 13.2 Tg = 41.3
vyg = 44.2 Tg = 35.5
Rigid PU S = 32.7 vl = 26.0
vef = 8.9 v&P = 4.7 vg = 40.9
vs = 41.6 vyg = 30.7
RIM-PU YO = 29.6 yed = 28.0
yP = 11.0 Yef = 6.1 yg = 41.1
vg = 40.6 Yg = 34.1
ISOFOAM-FU d - 36.7 d . 26.1
Ys T 9 Ts T 4P-
Y = 9.8 vg® = 3.3 ys = 4.7
vg = 46.5 v = 29.4
Ciog ved = 24.9 Unaccepted
ysp 18.9 value g = 42.2
vg = 43.8
d . d._
0198 Yg = 24.8 YS = 11.0
vP = 10.5 vP = 5.6 yg = 34.8
Yyg = 35.3 Yyg = 16.6
d. a.
C199 Yo = 26.0 Yoo = 36.5
vP = 6.8 VP = 0.8 yg = 31.3
yg = 32.8 yg = 37.3

TABLE 8.13: Surface tension, vyg (mN.m~

methods
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Liquid surface

Yoo oN.m )

tensionllYLv, Semi-flexible Rigid PU RIM-PU ISOFQAM-PU 0196 0198 0199
mN.m PU

72.8 31.9 21.5 26.5 20.1 36.8 21.5 16.3
48.3 39.9 40.4 34.1 43.9 38.6 32.0 29.9
43.54 37.5 38.1 37.9 - 40.1 34.8 31.3
37.10 - - 34.2 - 34.7 31.3 30.7
50.0 35.9 35.3 40.9 44.7 42 .2 32.6 29.8
47.0 37.1 40.9 38.9 44.7 42.0 34.2 30.7
44.0 39.3 39.3 39.6 42.5 40.0 - 34 .3 29.7
41.0 38.5 37.5 38.8 - 38.0 334 30.7
38.0 - - 37 .4 - 35.7 31.1 29.2
35.0 - - - - 34.0 29.9 28.6
63.4 41.3 34.2 32.0 37.0 - - -
58.2 41.1 37.3 41.1 39.9 - - -
50.8 40.1 39.1 40.6 42.5 - - -

TABLE 8.14: Critical surface tension, Y. (mN.m-l), of different substrates calculated by equation of state method
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8.2.7 Modification and Simplification of Some Thermodynamic
Relationships

Considering the thermodynamic parameters and relationships already
mentioned (see Chapter 5), some modificaticon was carried out by

applying some trigonometric relationships:

Work of adhesion: Wa = Yy (1 + Cosb)
Wy = 2 0052 2
A = YN 8/ (1)
(i.e. Cos?A = ME—ZA)

Spreading Coefficient: Sn = vy (Cos® - 1)

(i.e. Sina = 1-C08 22,
Using the relationship for work of cohesion (Wc =Wp~-SgorwW. = 2

YLV) in relationships (1) and (2) above gives:

YA _ cos? 82
We

5C . gin2 o/2
We

Sc ~tan? 8/2
Wa
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The ratios obtained above are useful when surface tension of liquids,
Yyyv 1S plotted against 00828/2 and Sinze/Z on the same graph as x, y
and y' ordinates respectively. As a result for all substrates whose
contact angles have been measured under the same conditions, the model
shown in Figure 8.11 will result in a direct measurement of two
important thermodynamic parameters: W, and Sc- Furthermore, the
intercept of Cos26/2 against vy, relationship with Cos?8/2 = 1 (i.e.
8/2 or 6 = 0) will give the critical surface tension, Yo, of the
corresponding surface.

8.2.7.1 Results and Discussion

The Cos? 8 /2 against vy results for all substrates are shown in
Figures 8.12 and 8.13 and Table 8.15. The relationships between Cose
and Cos?® 6/2 against Yy, for PE and PTFE substrates investigated in
this research and the works carried out by others are campared in
Figures 8.14 and 8.15 respectively. As expected, the critical surface
tensions calculated using Cos® 8/2 substitution showed good agreement
with those obtained using Cos @ (i.e. since Cos? 6/2 = 0.5 +_Cos 6 {.,
this substitution changes the slope and intercept of any line pzl-otted
against Cos6) for all substrates.

It can be congidered that the surface tension, Y Lyve for most wetting
liquids applied on many polymeric substrates has the wvalue 10 < Yy <
100 mv:m ! and that -1 € Coss < 1 and O < Cos? §/2 (or Sin% 8/2) < 1
(for 0 € 6 < 180). As a result for each substrate a linear
relationship between Cos® or Cos? 6/2 and ypy would result in
determining the Yo and finding the W, S- and 4. for any point on the
corresponding graph:

184



1.0 0.0
\ .
A\
\
Tc
WA-ny
A 08"' Sc_zxyr —'02
wc-2x
06 -10.4
o
(2] =N
s 2 S
3 Nm ™
(o]
(&
0.4 —-10.6
0.2} Hdos Y
0.0 1 1 ] | 1 1 I T | 1 1.0

0 10 20 30 40 50 60 70 80 90 100
surtace tension ot testing liquids,dlv,mN.m
>

X

FIGURE 8.11: A schematic diagram representing the modified
thermodynamic model

185



10 1.0
PU-RIM I1SOFOAM-FU)
a
0.9 1
0.9 B
o
o a a a o
Q N“ E
o o o
w L8]
° 4
(4]
0.7 A @ 0.6
] o
0.5 T T
0.6 1111 40 50 60 70 80
30 40 50 60 70 80 Tv, mN.
)’l\.r.mN.n?T
1.0 1.0
semi-flexible PY
0.9 -
0.9 4
o ] ..“.. 7
3 8
N.-, N Nm
o 8
[+ -~
0.7
0.6
o
0.6 ——————— 0.5 +——1————1———
30 40 50 B0 70 80 30 40 S50 60 70 80
rl\".!l"l?Vl.ﬂ'TI 1|V-mN‘rrT1
FIGURE B8.12: Co's2 % v Y¢y for PU substrates
1.0
0.9 4
0.8
o
G
@ 071
(]
o
[+ ]
0.6
o C196
.
os{ " C1%
% C199
0.4 TP I > rryr 1~ r "1 r-rrrTrTrT
20 25 30 35 40 45 50 55 60 65 70 75 80
surlace tenslon of testing llqulds,fiv,mN.n7!
FIGURE 8.13: 0032 % vV YLy for polyester substrates

186



1.0 =
0.8
™
5 0.6
o™
w.
[+]
% 0.4
5
a 0.2+ o
0
H n After Ref 302 Cos
(43
0041 & After Ref 303
B This research
- o]
027 o after Ref 304
-0.4 T L] T T v T v T T T v
20 30 40 50 60 70 80
YIV,mN.rE‘
FIGURE 8.14: Cosf armd 0052 szs Yy for PE Substrates Using Various
Data
1
[a)
8
&
]
[=]
o
- 0 4
[+]
]
o
© B After Ref 252
0 aAfter Ref 305
¥ This research
i M T T v T T b T T T
10 20 30 a0 50 60 70 B0

A |
Tiv.mN.m

FIGURE 8.15: Cose and Cos” § vs vy for PIFE Substrates Using Various

Data

Substrate Cos? 9/2 v Y cher;?izflegg m:ICm'l
Semi-flexible v = 1.3117-8.5765¢ x 0.931 36.3
PU

Rigid-PU y = 1.5049-1.266506 %x 0.954 39.8
RIM-PU v = 1.3868-1.0335¢ 2x 0.924 37.4
ISOFORM-FU y = 1.6981-1.5417e 2%x 0.960 45.3
C196 v = 1.2569-7.2344e x 0.940 35.5
c198 v = 1.3179-1.0376e 2« 0.967 30.6
€199 v = 1.3368-1.1614e 2x 0.984 29.0

TABLE 8.15: Wettability Equations arxl Critical Surface Tensions for
Different Substrates
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General linear equation: y = a~bx or ¥" = a"-b"x
Work of adhesion: Wy = 2xy or Wy = x (1+y")
Spreading coefficient: Sq = 2xy' or S¢ = x (y"-1)
Work of cohesion: We = 2x

where y = Cos? 8/2, x =Yy, ¥' = sin? 8/2, and y" = Coss.

Furthermore, the surface tension, vg, of various substrates described
by different methods (see Chapter 5) may be calculated using the plots
of Cos® or Cos® 6/2 against yp,. At any point on the corresponding
graph for a substrate it can be written that:

xy (or £ (1y" = (vgd vy + (P v P2

[ S]ES

(for gecmetric mean method)

Y Y
Xy (org (L+y")) = 2(%% + M_Y_Sg)
Yw™ * s Y * Ys
(for harmonic mean method)

2 (or x (1+y")?) = vo (for equation of state method)

8.2.8 Wettability of Polyurethane Substrates

Sane preliminary wetting testing indicated that for most of the PU
substrates, the liquids having surface tensions below 38 mN.m™ % had
difficulty forming a true droplet on these surfaces and the contact
angles observed were small or near zero (complete wetting).
Therefore, three additional wetting liquids: glycerol, formamide and
methylene-iodide having Yy, values larger than 50 mN.m 1 were employed
to provide more information on the wettability of PU substrates. The
wettability equations derived from Cos® and Cos? 8/2 plotted against
Yy for all PU surfaces showed a linear relationship of the type, v =

a-bx. The work of adhesion, W,, and the spreading coefficient S,
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equations (see Table 8.6) for all PU substrates demonstrated a
quadraticequationofﬁmetype,y=—ax2+bx-c. The critical
surface tension, v, values obtained for Cose and Cos” 6/2 graphs (see
Tables 8.5 and 8.15) ranged from 36.3 to 45.4 mN.m~ 1. The
corresponding surface tension, Yg, Vvalues measured by different
methods (see Table 8.13) showed a satisfactory agreement between the
results obtained by harmonic mean andd the equation of state methods.
Hme@mﬂlcasesﬂnmmlmomdeWﬂEgmmcneanmﬂm
showed much lower values than the other two methods.

For all polyurethane substrates the ysd, the dispersive conponent of
surface tension, had a higher value than the corresponding Ysp, the
polar campcnent of yg.

B.2.9 Wettability of Polyester Substrates

The relaticnship between surface tension of liquids, Y- and Cos 6§ and
Cos? 8/2 showed a linear relationship (i.e. y = a - bx) for polyester
substrates. The work of adhesion, Wa, and the spreading coefficient,
Se, indicated a quadratic equation (i.e. ¥y = -ax2 + bx - c). The
critical surface tension, ys, values ranged from 29 to 35.5 mN.m™L.
The corresponding surface tension, yg, values obtained by different
methods showed good agreement between the results from harmonic mean
and the equation of state methods but with unaccepted and scattered
results from the geametric mean method. Generally, ng for all three
types of polyester substrate showed a larger wvalue than the
corresponding Ysp value.

The results from Figures 8.6 and 8.8 indicate that there is a
decreased adhesion of liquids to the polyester substrate fram C196 to
C199. 1In effect the maximum work of adhesion, Max W,, and v are
directly related.
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8.3 SURFACE ANALYSIS: CHEMICAL TECHNIQUES

To date, the most widely used technicques in the analysis of surfaces
and interfaces are infra-red spectroscopy (IR) including Fourier
transform spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS
or ESCA), Auger electron spectroscopy (AES), secondary ion mass
spectrometry (SIMS) and ion scattering spectrometry (ISS). These
techniques have been reviewed in detail in the related 1literature
[45,287,306-311]. The applications, limitations and usefulness of
these techniques with the special relevance to this research will be
followed.

8.3.1 Applicaticons and Limitations
IR spectxroscopy is a rapid, direct, non-destructive technique that can
be used for the identification of polymers and individual components

in polymer compositions amd for certain detection of the thermal and
UV degradation of polymers. However, chemical analysis of coated
polymeric substrates, using IR, is not quite as clear cut as with pure
organic compounds. IR spectroscopy relies on individual chemical
groups in a sample absorbing electromagnetic radiation at different
wavelengths within the range 400 to 4600 em™1 [309].

Attenuated total reflectance (ATR) and multiple internal reflectance
(MIR) techniques have been used successfully to provide information to
identify not only a single polymer, but also to give chemical
information about the wvarious functional groups in laminated and
canposite systems. Both ATR and MIR techniques require the radiation
to be internally reflected at the interface between a prism and the
sample under investigation. The prisms used in ATR and MIR are
normally based on a mixture of thallium bromide and iodide, cammonly
known as KRS-5.
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The introduction of FT-IR, operable over the entire infra-red
frequency range, has led to an increase in the sensitivity of the
technique such that both extremely small samples and optically dense
materials (e.g. heavily carbon black filled samples) can be

successfully analysed.

The four relatively modern surface analysis techniques (i.e. XPS, AES,
SIMS and ISS) all depending on ultra-high vacuum (UHV) technology, are
presented schematically in Figure 8.16. These techniques can provide
useful chemical information on the structure and camposition of many
surfaces (Table 8.16). However, because of their surface sensitivity
and ability to differentiate between surface and bulk phases, these
techniques are particularly suitable for the investigation of
interfaces between metal-metal and polymer-metal systems. For example,
XPS has been used to chemically characterise polymeric surfaces,
however the technique can only be used to study interfacial
interactions provided the coating on the substrate is thin (< 5 mm)
[287].

The surface and interface analysis of polymer-polymer systems 1s not
as simple as those of metal-metal or polymer-metal systems because of
the fact that polymer-polymer interfaces are not sharply separated but
are rather intermixed and diffuse (see Chapter 11). In particular, the
problem facing the interfacial analysis of samples in this research
has been shown (see Section 8.3.2) to be more conplex because of near
chemical composition of urethane/urethane systems.

The major disadvantage of AES for adhesive bonding investigation, in
general and interfacial formation studies in ICM and PMC samples
reported in this research is that organic compounds are very unstable
and easily decaomposed by the electron beam due to localised heating.
This limitation does not exist with metal composites. SIMS is the most
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TABLE 8.16:

Applicable elements

Surface sensitivity
Elemental profiling
Image-spatizl analysis
Spectral shift
Information on
chemical combination
Quantitative snalytis

Influence of operating
conditions snd matrix
Ixolopic anslysis

Beam induced
surface changes

Zwld

high
yes

yes

possible, but generally no

yes, in fine feztures but
gererally no

yes

no

yes, in principle but
genenally no because
of resolution limits

yes, spullering damage

all (if positive and
negative SIMS)

variable

yes

yes

no

in some cascs (finger-
print spectra)

probzbly no, maybe with
similar standards

yes

yes

yes, sputtering damage

YeTSUS eneTgy
Z=1

variable

yes, with ion beam
yes

yes

yes

yex, in principle but
diffeeult
yes

no
yes, duc to sputiering

and clectron beam
heating

Method Principle Main gpplication
Stimulation Emission
eq. Al Ka
ESCA {1486 eV} Enerqgy onaiysis
F Quoninative surfoce onolyss.
L detection af compounds lon beam for
) excitation proflling
30Urce
AES (=10 xeV Energy anclysis ‘ I detactor
8 - . . spactromeater
‘ / ¢ Monolayer anatysis wite 7/*‘ p \
W rugh spatiol resolutien V4 or
Primary wons < o f. ‘SS.AES.XPS
SIMS (0.3-10 her spectrometer o
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Troce onalysis, detection h - @i}
ool e of hydrogen and isotopes, SIMS
goodcoon depth profites 0OOOQ
6 0o0000GQC Pih e
Nobte gos wns  Energy onalynis OOOO
IS (0.1-3 keV) OQ0O
N + Arnatysis of the sample
©oeo0o00d00 uppermost aloms
©cco000O0O
FIGURE 8.16: Schematic representation of surface analysis methods
(after refs 307 and 311)
T::h.niquc
lon Scattering Secondary lon Mass Auger Election X-Ray Photoclectiren
Spectrometry Spectrometry Spectrometry Spectrometry
Parameter (155} {SIMS) {AES) (XPS)
Principle elastic binary collision sputtering of surface cjection of Auger electron ¢jection of photo-
with surface ion stoms by ion beam upon recombination * electons by photon
Probe ~1toJkeV ions —1to 3 keV ions —~ 110 3 keV clectrons 0 to 2 ke photons
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sensitive method for surface analysis and unlike XPS and AES is
capable of detecting hydrogen arxd its compounds and isotopes. The
information depths are <10 rm with XPS, €5 nm with AES, and £1 rm with
SIMS [307]. The ISS technique gives the least information depth where
oanly elements in the first atamic layer at the surface are detected.

8.3.2 Results and Discussion

Some preliminary studies using the analysis techniques mentioned above
were carried ocut. A number of IR results an substrate and coating
materials used in this research are shown in Figure 8.17. It may be
noted that although some information about the presence of the
urethane structure can be found with the examination of the IR
spectrum for particular bands, this data cannot be used in
investigation of adhesion properties of coated systems and is of
little significance in this work. Furthermore, the close resemblance
of IR results for coating and substrate materials (i.e. due to similar
chemical caonstituents in their formulations), highlights the main
difficulty associated with understanding and application of
adhesion/interfacial bonding theories to IMC and PMC systems. IR
results for IMC and PMC specimens were misleading and no valid

information could be gained.

The FT-IR results with X-226/C2885, a flexible fully reacted polyether
PU coating, and MRC (600) a self releasing PU barrier ccating, are
presented in Figure 8.18. The presence of free-NOO in low levels in
the wet film of X-226/C2885 and in the paint film at different time
intervals up to five minutes at 20°C is observed. This important
finding indicates the strong chemical and physical activity of IMC
surfaces and shows some potential for chemisorptive bonding (see
Chapter 12).
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Tre FT-IR studies on these two PU based one pack coatings may be
used to explain various adhesion properties of coated systems shown by
a number of quantitative test results (see Chapter 9).

Similarly, Merten et al and Murphy and O'Neil [312,313] have applied
the IR technique to develop a method for the determination of the
unreacted-NCO group in PU foams. TDI-based foams were found to
contain less free-NOD than MDI-based foams and the isocyanate content
dropped more rapidiy over a four week ageing period with the greatest
improvement occurring in the first two weeks. This was explained on
the basis of the greater reactivity of TDI. The considerable amount of
free isocyanate (i.e. varying between 0.15 to 0.92 wt$-N0O) remaining
in the various FKJ foams was available for additional reactions, such
as with moisture fram the alr during production and handling.

The analysis of original and coated specimens with chemical analysis
techniques reviewed above proved problematic and the results were not
trustworthy. For example, XPS results of a dry IMC film of X-
225/C2885 gave elemental mass ratios of C:0:81i of 63:25:12 and
59:24:17 (surface and interior respectively), with nitrogen and
hydrogen levels below the minimum sensitivity of 1% [314]. The
silicon content may be derived from flow aids or silicate fillers.
However, for a flexible PU paint film, based an a polyester polyol
(2000 molecular weight minimum) with MDI, the theoretical atomic mass
ratio of C:0:H:N would be approximately 65:24:1:<0.01. Therefore it
may be noted that the type of information obtained above by XPS is not
useful in the interfacial studies of coated polymers in this work.
SIMS was used to scan across the interface of several IMC and PMC PU
systems. However, it was not possible to discern between the aromatic
isocyanate related structure of the substrate and the isocyanate
related structure (normally non-aromatic) of the coating.
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CHAPTER 9
MECHANICAL TESTING TECHNIQUES

9.1 INTRODUCTION

The knowledge in the science of adhesion is important not only in the
practical application of polymer coating but alsc for understanding
the bonding phencmenon and its effects at interfaces in general.
Serious attempts to measure paint adhesion have been made anly in the
last fifty yvears, with most of the development of the techniques being
in the 1950s and 1960s [308,315,316]. The tensile adhesion pull-off,
impact properties and non-quantitative adhesion tests are the
mechanical testing techniques used in this research. The test methods,
experimental devices and designs, classification of expected
types/modes of failure and a report of the results and discussion of
these techniques will be reviewed in this Chapter respectively.

9.2 TENSILE ADHESION PULL-OFF: MEASUREMENTS, RESULTS AND

DISCUSSION

9.2.1 Introduction

In order to achieve meaningful data about the strength of adhesion,
the system of measurement used shculd allow the calculation or at
least the estimation of the stress at the ccating/polymer interface.
For instance, the pull-off tensile test, an established method in
which the applying forces are acting perpendicularly at the interface,

is a favourable method to measure paint adhesion. The two most
practised methods: the direct and the sandwich method of pull-off
test are shown schematically in Figures 9.1(a) and 9.1(b) respectively
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[317]. Some preliminary research was carried out in order to find a
suitable method of pull-off tensile testing for our need and is

reviewed here.

b)

a)

Leel aplly coonen
with adhszive

3ubDdil

test dolly £o3ted
with sdhesive

coated substrate

coated tubsirels

p——  test delly conted
vritr goperive

FIGURE 9.1: Schematic Drawing of the Direct (a) and the Sandwich (b)
Methods of Tensile Pull-Off Test

9.2.2 The Choice of Test Method

Although some earlier studies had shown that the adhesion as
determined by the direct method is much lower than the adhesion
determined by the sandwich method, the difference between the two
.methods have only became clear by some studies to the field of forces
existing in each method [317,318]. The fields of forces are shown
schematically in Figures 9.2(a) and 9.2(b).

Hopman [317] studying the differences between these two methods
concluded that in order to achieve a better agreement between the two

methods the following requirements have to be met:

1. the diameter of the dolly (test cylinder) should be mach smaller
than the thickness of the substrate;
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2. the distance between the edge of the dolly and the support
(cylinders) should be larger than the diameter of the dolly.

As a result the field of force existing in a direct pull-off test
almost equal to the sandwich method (shown in Figure 9.2(c)), can be

.
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2 picect method
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FIGURE 9.2: Schematic Drawing of Lines of Force Existing During Pull-’
off Test

In order to demonstrate further the differences in stress distribution
between these two methods, the isopachic and isochromatic patterms are
shown in Figures 9.3(a) and 9.3(b).

Sickfeld and others [318,319] imwestigating the influences on the test
results of the two direct and sandwich pull-off methods concluded that

the results obtained with a test assembly consisting of only ane test
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(b} §

FIGURE 9.3: Iscchramatic (a) and Isopachic (b) patterns representing
stress distribution in a sandwich and in a direct method
of pull-off test assembly respectively. Section A-A
indicates the position of ccating used for testing (After
Ref 318)

cylinder (i.e. direct pull-off) applied on a rigid substrate are about
20 to 60 per cent lower than the values obtained with the sandwich
test assembly consisting of two coaxially aligned test cylinders. The
reason being a less uniform stress distribution in the direct pull-off
test assembly. The sandwich method of pull-off test measuring the
adhesion of a coating to a substrate standardised in BS 3900: Part
E10: 1979 and also as ISO 4624 {320] was preferred to the direct
pull-off method and applied in this research.

9.2.3 Expected Modes of Failure

In conjunction with the numerical data gathered from a pull-off
adhesion test, it is important to examine the fracture surfaces and
record the visual observations. In general, four modes of failure
could be cbserved in this work:

A. Camplete cohesive failure through the bulk phase of either the
substrate or dry coating. For best adhesive properties of a
joint, the strength of the bond must be greater than the higher
occhesive strength.

B. Mixed cohesive and adhesive failure, which may move across the
interface from substrate to adherent or vice versa.
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C. Interfacial failure between substrate and dry coating. This is a
special type of adhesive failure where the fracture at the
interfacial region between substrate and coating is oconsidered
more important.

D. Adhesive failure which is either an apparent (D') or a true
complete failure (D). Although both of these failgres may show a
clear delamination of one surface fram the other with the naked
eye, a close observation of the exposed surfaces usually with the
aid of an optical microscope and other surface analysis equipment
will reveal cross-contamination with the apparent adhesive

failure.

The above modes of failure are shown schematically in Figure 9.4.

coaling
(An

T T

oating/
adhesive
(81} '
substrate/
adhesive ‘_!_r
[T “ea

) . . . B

I

coaling/
adhesive
{+1}]

. . : . . 0

FIGURE 9.4: Modes of failure of adhesion pull-off samples
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9.2.4 Experimental Procedure
a) Specimens Preparation
The test piece or dollies used in this work (Figure 9.5(a)) were made

of mild rolled steel shaped into cylinders of 30 mm diameter and a 20
mm length having thinner cylinders (pull-rods) of 12 mm diameter and
50 mm length.

All the coated specimens under the test (i.e. being preconditioned for
about cne week at 20 1°C and 50 % 5% relative humidity, unless
otherwise stated) were cut into the squares of minimm side of 30 mm
(30 < £ < 35 mm). Prior to any testing, the 30 mm diameter faces of
steel cylinders, were glass bead blasted to remove dirt, dust and
other contaminations, then washed in acetone and rinsed in
trichloroethane. The appropriate adhesive (see Section 9.2.4(b)) was
then evenly applied to the surfaces of two freshly cleaned cylinders.
The coated specimen was then placed on one the of glued surfaces
allowing it to reach a reasonable strength, and then with the help of
a special aligning device (Figure 9.5(b)) the other cylinder was
attached to the specimen.

During the adhesive application, sufficient pressure was applied on
the specimen/cylinder to ensure a uniform layer of adhesive leaving no
air bubbles. The test cylinders were then transferred to a horizontal
surface in an upright position to reach full cure.

The cured test specimens were then cut down to the same diameter as
the test cylinders in order to get rid of excess adhesive and also
have the same coated area of contact for all the samples under the
test (Figure 9.5(c)).
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FIGURE 9.5: Schematic drawing of specimens preparation for sandwich
pull-off test
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b) Adhesives

Initially five different adhesives were used to glue the test
specimens to the steel cylinders (Table 9.1). The adhesive Araldite
2002 having a short pot life was discarded. Also some preliminary
results showed that results obtained with Loctite 496 were not
reliable as the coefficients of variation were too scattered. Although
the adhesives Araldite M750 with HYS51 and Araldite DIY were suitable,
the adhesive Araldite 2001 proved to give a betbter consistency in
results with all different types of coating/substrate combinations.
It seems reascnable to assume that, provided a suitable adhesive is
selected and used according to the manufacturer's specifications and
test requirements, interference from the adhesive (i.e. affecting the
interfacial region) applied in very thin layers will be negligible.

Unless otherwise stated, all the samples preparation in the pull-off
test for adhesion used Araldite 2001 in order to achieve repeatable
results and aveid any possible effect by using a variation of
adhesives.

c) Testing

After the test specimens were prepared and preoconditioned (i.e. at t =
20 * 19C and RH = 50 ¥ 5% for an average 24 hours prior to testing),
the adhesion pull-off (sandwich method) test was carried out on a
tensile tester( Instron type TT-DML) using two load cells: DM type
{maximum S00 kgf) and GRM type (maximum 10,000 kgf) according to the
required force needed to break different test specimens.

The test cylinder was placed between the jaws of a specially designed
Jig (having one flat and the other an angled corrugated surface) to
give a better grip than ordinary jaws. The pull-off rods were
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Adhesive Marnufacturer Type and Application Full Curing
Recommendation Time (20°C)

"Araldite" Ciba-Geigy Two pack epoxy adhesive. 24 hours
DIY Mix 1:1 by volume. Pot

life ~ 20 mins. Apply

to both surfaces.
"Araldite" Ciba—-Geigy Epoxy coating campound. >24 hours
M750 with Mix 10:1 by weight resin
HY951 to hardener. Pot life

20 to 30 mins. Apply

to both surfaces. Bring

together, apply pressure,

squeeze out excess.
"Loctite" Loctite Cyarovacrylate adhesive. 12 hours
496 Apply a small amount to

one surface only. Join

the two surfaces inme-

diately, applying

pressure.
"Araldite" Ciba-Geigy Two pack epoxy paste. 24 hours
2001 Mix 10:8 by weight resin

to hardener. Pot life~

2 hours. Apply to both

surfaces.
"Araldite" Ciba-Geigy Two pack epoxy paste. 4 hours
2002 Mix 1:1 by weight. Pot

life <10 mins. Apply to

both surfaces.
TABLE 9.1: Typical adhesives used in tensile adhesion pull-off test
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carefully aligned so that a tensile force was uniformly applied
through the test area, without imparting a bending moment. It has been
assumed that cylinders are pulled-off perpendicularly to the
substrate. Sickfeld and Raabe [321] showed that even if the test
cylinder is pulled off at an angle of 88° the measured adhesion does
not vary significantly.

A cross-head speed of 0.05 cm/min was chosen since it gave the
necessary force loading rate for the failure of the test assembly
within 90 seconds of initial application of the stress specified by
BS 3900: Part E10: 1979. This slow extension speed was also
beneficial since it provided encugh time to observe and record the
initiating mode of failure and assess the effect of stress on

different specimens under the test.

A minimum of eight samples were tested for each specimen. All the
tests were carried cut at 20 ¥ 1°C and 50 ¥ 5% relative humidity. The
chart speed on the test recorder was kept at 1.0 an/min for all the
tests.

9.2.5 Results and Discussion

Results obtained from the tensile adhesion testing of all samples are
presented in Tables 9.2 to 9.8 and Figures 9.6 to 9.11. These results
may be compared according to the three main influencing factors. These

are:
1. Effect of substrate materials

2. Effect of coating materials
3. Effect of coating processes (i.e. IMC and PMC).
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LOZ

Coating Type Mean Failure Mean Failurg No and Type of Failure Standard Coefficient
Load (kg) Stress (MNm <) Deviation of Varilation
IMC (%)
IMC PMC IMC PMC A B C D A B n IMC PMC IMC PMC
5B4
X-226/C2885 24.5 33.0 0.34 0.46 34, ﬁB3 - - - 6B3 - 0.16 0.18 49 40
1B,
X-225/C2885 29.3 27.6 0.41 0.38 2A 4B - - 34, 3By - 0.17 0.17 41 46
2B 2B
2 3
X-220/c075/ 58.5 42.5 0.82 0.59 54, 2B2 - 1D, 2A2 5B3 - 0.22 0.24 27 42
¢770
MRC(600) 98.8 38.2 1.38 0.53 6A2 iBy - - 5A2 2B3 - 0.42 0.24 30 45
1B1
MRC(200) 158.3 43.6 2.21 0.61 7A2 1By - - 54, 2B, 1Dy 0.36 0.29 16 47
TABLE 9.2: Tensile adhesion results for IMC and PMC semi-flexible PU substrate



Coatling Type Mean Failure Mean Failurg No and Type of Failure Standard Coefficilent
)

B0Z

Load (kg) Stress (MNm Deviation of Variation
IMC PMC ()
IMC PMC IMC PMC A B c D A B C D IMC PMC IMC PMC
MRC (120N8) 83.0 57 .6 1.16 0.8 8A2 - - - 4A2 281 - - 0.18 0.23 15 28
2B,
X-226/C2885 20.5 25.5 0.28 0.36 - 4B3 3 - 2A2 3B3 3 - 0.11 0.15 40 42
18]
X-225/C2885  42.4  37.5  0.59  0.52 SA, 2B, - - 1Ay 2B, - -  0.24  0.15 41 29
1B 5B
3 3
X-220/c075/ 58.7 57 .4 0.82 0.80 6A2 2B3 - - 3A2 4B3 - 1D2 0.22 0.23 26 29
C770
MRC(600) 34.0 37.5 0.47 0.52 2A2 4B3 - - 3A2 4B3 1 - 0.15 0.18 32 a5
28]
MRC(200) 78.5  65.7  1.09  0.92 S5A, 1By - - 5Ay 3By - - 0.23 0.23 21 25
2B
2

TABLE 9.3: Tensile adhesion results for IMC and PMC rigid PU substrate
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Coating Type Mean Failure Mean Failurg No and Type of Fallure Standard Coefficient
Load (kg) Stress (MNm <) Deviation of Variation
IMC PMC (%)
IMC PMC IMC PMC A B c D A B C D IMC PMC IMC PMC
MRC (120N) 235.9 126.5 3.30 1.77 3A; 1By - - - 3B - - 0.75 0.33 23 19
4B 5B
3 3
X-226/C2885 254.5 196.0 3.56 2.74 - 3By - 1D, 2A; 1By - - 0.61 0.46 17 17
4B, 5B4
X-225/C2885 354.2 199.0 4.95 2.78 24 1By - - 1Ay 1By - - 0.71 0.54 14 19
2B, 6B4
3B,
X-220/C075/ 443.5 254.0 6.20 3.55 24 2By - - - 2B, - 1p, 2.0 0.56 32 16
c770 3B, 4B4
1B, 1By
TABLE 9.4: Tensile adhesion results for IMC and PMC RIM-PU substrate
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Coating Type Mean Failure Mean Failuzg No and Type of Failure Standard Coefficient
Load (kg) Stress (MNm “) Deviation of Variation
IMC PMC (%)
IMC PMC IMC PMC A B C D A B C D IMC PMC IMC PMC
MRC (120N) 132.1 108.7 1.84 1.52 - 4B, 2 1D, - 8By - - 0.4 0.27 22 18
1B,
X~226/C2885 248.0 211.2 3.47 2.95 1A; 5B3 - 1Dy - 6B, 1 - 0.73 1.0 21 36
1B, 1B4
X-225/C2885 342.4 233.1 4.80 3.26 - 5By - - - 6By 1 1D, 1.5 0.44 32 13
3B,
X-220/C075/ 349.7 ° 259.2 4.90 3.62 2Ay 4By - - 149 7By - - 0.64 0.46 13 12
Cc770 2B4
TABLE 9.5: Tensile adhesion results for IMC and PMC C,q4¢ substrate
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Coating Type Mean Failure Mean Failurg No and Type of Failure Standard Coefficient
Load (kg) Stress (MNm <) Deviation of Variation
IMC PMC (%)

IMC PMC IMC PMC A B c D A B IMC PMC IMC PMC

MRC (120N) 111.4 92.5 1.55 1.3 24, 383 3 - - 5B3 0.24 0.23 16 17

X-226/C2885 200.2 217.6 2.8 3.0 1A, 7B - - - 6B3 0.41 1.0 14 33

X-225/C2885 231.3 166.7 3.23 2.33 - 8By - - ~ 5By 0.47 0.47 15 20
1By

X-220/C075/ 274.5  207.1 3.84 2.9 - 6By - - - 7By 0.35 0.25 9 8
c770 28, 1B,

TABLE 9.6: Tensile adhesion results for IMC and PMC 0198 substrate



Coating Type Mean Failure Mean Failur& No and Type of Failure Standard Coefficient
)

212

Load <(kg) Stress (MNm Deviation of Variation
IMC PMC (%)

MC PMC IMC PMC A B c D A B c D IMC PMC IMC PMC
MRC (120N) 120.4 104 .6 1.68 1.46 - TB3 1 - - 5By 2 1D 0.2 0.2 12 14
X-226/C2885 221.6 192.5 3.10 2.7 1A, 5B3 - 1Dy - 6By 2 - 0.77 0.91 25 34

10
X-225/C2885 191.4 173.6 2.67 2.43 - 1B, 1 2pp = 5B3 3 - 0.25 0.27 9 11
4Bq

X-220/C075/ 262.6 192.0 3.67 2.68 2A1 2B2 1 - 1A2 5B3 1 - 0.38 0.2 10 7
c770 385 1B,

TABLE 9.7: Tensile adhesion results for IMC and PMC 0199 substrate



ETZ

Number and Type of

Coating Condition Mean Failure Failure Mean Failure Standard Coefficient of
Load St:zﬁs Deviation Variation
(kg) A B D MN .m (%)
+ 30 sec 100.1 54, 2B, ', 1.4 0.27 19
+ 45 min 78.0 5A, 2B3 - 1.1 0.22 20
1B,
+ 60 min 72.6 24, 3B3 1D, 1.01 0.09 9
2B,
+ 24 hr (outdoor) 54.6 1A, 6B4 D'y 0.76 0.09 12
+ 48 hr (indoor) 56.0 349 5By - 0.78 0.07 9
+ 3 day (indoor) 39.1 1A, 6B, 1p', 0.54 0.12 23
+ 3 day (outdoor)
+ 20 day (indoor) 46 .6 1A, 1B, - 0.65 0.12 20
+ 3 day (outdoor) 633

TABLE 9.8: Tensile adhesion results for coated PU spray foam substrate
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It has also been found useful to study and report on the number and
type of joint failures. This observation is particularly informative
where IMC and PMC specimens seem to fall similarly and the stress
failures of test samples are numerically identical.

The results for rigid PU spray foam systems coated with urethane
elastomer where the effect of coating conditions are important are
discussed separately.

It may be noted that the term "good adhesion" used throughout this
work is indicative of the fact the the coating could not be removed
fraom the substrate easily (i.e. no failure at unacceptably low stress
levels). Also, adhesion strength is referred to the minimum tensile
stress necessary to break the weakest interface (adhesive failure) or
the weaskest component (cohesive failure) of the test assembly. Mixed
adhesive/cohesive failure may also occur (see Section 9.2.3).

Effect of Substrate Materials

a) Polyurethane substrates

The bond strengths achieved with IMC and PMC samples of RIM PU
substrate were superior to those of semi-flexible and rigid PU
surfaces. Generally, the failure stresses for the latter substrates
were approximately similar to the semi-flexible samples showing scme
advantage in IMC and the rigid samples having improved PMC values.

b) Polyester substrates

The bord strengths achieved with IMC and PMC samples of C;gg Polyester
substrate were generally higher than those for corresponding C;gg and
Cigg coated surfaces. The only exception was the PMC sample of Cjgg
substrate coated with X-226/C2885 coating that showed slightly higher
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failure stress than PMC for Cjgg- In a generalised form it can be
written that:

Ci99 < G108 < Ci96

failure stress increase

Effect of Coating Materials

a) For polyurethane substrates

The two pack acrylic/urethane coating (X-220/0075/C770) gave the best
tensile results for both IMC and PMC samples of RIM polyurethane. The
one pack PU oocating, MRC (120N) showed the lowest adhesion strength
for RIM PU, whereas X-2256/C2885 and X-225/C2885 resulted in similar
bond strengths for PMC but with improved values for X-225/C2885 used
in IMC.

For semi-flexible and rigid substrates the two pack acrylic/urethane
coating (X-220/0075/C770), the two pack PU coating (MRC 200) and the
ane pack PU (MRC 120N) performed more satisfactorily than the others
resulting in higher bond strengths for IMC and PMC coated samples.

b) For polyester substrates

The combination of X-220/C075/C770, a twoc pack acrylic/urethane
ocoating with all polyester substrates gave the best overall tensile
adhesion results both for IMC and PMC.

The bord strengths resulted from Cigg and C;gg substrates coated with
X-225/C2885 coating were generally superior to those of X-226/C2885
but this effect was reversed with C;qq substrate. One pack PU
coating, MRC (120N), showed the lowest adhesion strength values for
all coating/substrate cambinations.
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Effect of Coating Processes

a) For PU substrates

In general, the adhesion strengths were greater for IMC PU substrates
than those for PMC samples. This effect was more evident in the case
of RIM-PU and semi-flexible PU than for rigid substrates. In-mould
and post-mould coated materials may be regarded as a special form of
polymer blends (see Section 10.2.3). By applying the interacfcion
parameter equation [322], given below, to these systems it can be
argued that as the solubility parameters of the two phases (i.e.
substrate and coating) beocome closer, there will be less interaction
and the substances will become more miscible.

Vr 2
= (=) (65 - 8g)
Xmg = 'jp’ AT °B

where: xpp = interaction parameter
V. = reference volume
R = gas constant
T = temperature (Kelvin)
§p and §g = solubility parameters of A (i.e. substrate) and B
{(i.e. coating systems).

It can be argued that for IMC samples where substrate ingredients
(i.e. isocyanate and polyol) are in a liquid, more mobile state and in
contact with a fresh layer of coating (i.e. possibly with sane free
functional groups) then the possibility of §, and §5 to become closer
is mach more than PMC. As a result, it can be postulated that the
interaction parameter, yap would be smaller for IMC and hence a more
miscible system is achieved at the local level at the interface. This
view has been wvisually supported by SEM micrographs of some IMC
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systems where the miscibility phencmena in the form of more diffused
interfacial regions are observed (see Chapter 11).

b) For polyester substrates
Generally, IMC samples of all substrates showed superiority over their

corresponding PMC. On the whole, the PMC samples showed greater
scattering of results and hence higher coefficient of variation.

Type of Failure

The numbers andd types of failure for each coated substrate are shown
in Tables 9.2 to 9.8. This information was based on expected modes of
failure (see 9.2.3) where the following specifications have been
included:

1. the number of failures in each case is shown by the figure

preceding the type of failure.

2. types of failure are shown by A, B, C and D characters and
followed by the position of each failure so that:
A, = cohesive within coating

A, = cohesive within substrate

By = mixed failure between coating/adhesive
B, = mixed failure between substrate/adhesive
By = mixed failure between coating/substrate
By = mixed failure between adhesive/metal rod

Dy = adhesive failure between ccating/adhesive
= atdhesive failure between substrate/adhesive.

o
W)
}

It must be noted that in the case of mixed failure between adhesive/
metal rod (i.e. type B4) the results were discarded and properly
assembled test pieces were tested.
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a) For polnrethane substrates
For semi-flexible PUJ, there was some 55% increase on mixed failure (B3

type) for PMC than IMC samples, but the cchesive failure within
substrate (A, type) was about 45% higher for IMC than PMC specimens.
There were no interfacial fajlures bebween substrate and coating for
the IMC sample whereas four failures of this type occurred for PMC.

For rigid PU, there was some 48% increase on mixed failure (By type)
for PMC than IMC samples. The cohesive failure within substrate (A2
type) showed a 38% increase for IMC specimens.

For RIM-PU there was some 40% increase on mixed failure (By type) for
PMC than IMC samples. The cohesive failure within coating (A; type)
showed 57% increase for IMC specimens.

b) For polyester substrates

Polyester substrates Cyqg and Cygg showed similar types of failure.
The total number of mixed failures between substrate and coating (B,
type) for IMC and PVMC specimens of each substrate were almost egqual.
There was sane 60% increase on the total number of interfacial failure

for PMC samples.

Inthecaseoftheclgssubstate, the total mumber of mixed failures
(B3 type) for PMC samples was about 48% higher than those of IMC.

Effect of Coating Conditions on Tensile Adhesion Properties of Coated
PU Spray Foam
The results shown in Table 9.8 and Figures 9.10 and 9.11 showed that

the coating conditions have had an effect on the degree of adhesion
strength. In general, by increasing the time between the substrate
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foam production and the application of the coating-the failure stress
decreased. The other factors such as relative humidity and temperature
for indoor and cutdoor enviroments seem to have some effect on the
surface to be coated. The adverse outdoor conditions are likely to
negatively affect the surface, making it more unsuitable for coating
and giving rise to a poor adhesicn between the coating and the PU foam
surface. This decrease in adhesion is probably due to the PU substrate
becaning less reactive as the residual active isocyanate and other
polar groups (e.g. urethane) on the surface would pick up water
molecules rapidly, especially in humid conditions and form more stable
urethane linkages and hydrogen bonded structures respectively. As a
result, the polarity of the PU surface would also be decreased.

The camplete ccohesive failure, in all cases, occurred within the foam
substrate region. Only about 6% of the total specimens failed by
camplete and apparent adhesive failures. The majority of the samples
(~ 60%) failed by mixed adhesive and cohesive fallures. The mixed
failure between coating and substrate constituted 50% of all failures.

An interesting observation was that although no true interfacial
failure was recorded, the positions of mixed failures between
substrate and coating were somewhat different for variocus specimens.
For systems where severe conditions (i.e. prolayed ageing) had been
applied to the substrate prior to the coating, this mixed failure
showed sane minor delamination of substrate from coating at same parts
(approaching the interfacial failure). The UV degradation of the aged
surfaces was shown by their darkened appearance. It is presumed that
the random location and density of air traps (acting as stress areas)
at interfaces of substrate and coating and also the presence of a WBL
on these surfaces contributed to their poor adhesion strength (e.g.
surface aged for six days).
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9.3 IMPACT PROPERTIES: MEASUREMENTS, RESULTS AND DISCUSSION

9.3.1 Introduction

With the increased use of plastics materials (see Section 3.1) the
nature and characteristics of impact testing has changed over the last
two decades. Initially impact test:ng was a relatively crude operation
and the sensitivity of the mlpact resistance to certain factors had
not been recognised. Today, with the new developments, particularly
in relation to camputer instrumentation, sensors and data processing,
the technique and areas of application have improved, with results and
the nature of fracture surfaces being better interpreted [323].
Nevertheless, the information on the impact properties of coated
plastics is very scarce.

9.3.2 Impact Properties of Coated Plastics

Jones et al [324] studied the application of instrumented falling
weight impact (IFWI) technicue in relation to the influence of paint
on the toughness of plastics for automotive components. A rubber
modified polypropylene oampound where a combination of good paint
adhesion and low temperature toughness were important, was chosen as
the substrate. A traditional paint system (incorporating an adhesion-
promoting primer, a surfacer and a top coat) and also a polyurethane
coating (having an adhesion-pronwoting primer and a top coat) were used
as the coating. The IFWI test on the polypropylene substrates was

carried out at different temperatures in order to identify the
ductile-brittle transition temperatures. Their findings shown in
Table 9.9 clearly demonstrated that the traditional paint system
reduced the impact toughness because the onset of embrittlement occurs
at a temperature some 25°C higher. The PU top coat, on the other hand,
had little effect on the overall toughness. It may be argued that
solvent stress cracking due to the type and amount of solvents present
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in coating systems used on some plastics like polypropylene will

affect their impact properties.

TABLE 9.9: IFWI determination of ductile-brittle transition
temperatures (5 me J)After Ref 324)

Material Ductile-brittle
transition

temperature (°C)

Unpainted polypropylene compound -55

Polypropylene compournyd painted with ~30
traditional system

Polypropylene compouryd painted with -52

polyurethane top coat

Dragovic [325] showed the effect of coating on the impact strength of
a polycarbonate specimen using an unsuitable, very brittle paint and a
specially formulated, very flexible two-pack PU paint. Considering the
specimens after the falling weight test, he concluded that because of
good adhesion of the paint film to the plastic's surface, the crack
produced in the paint film is propagated in the plastics substrate in
the form of a notch and, since the tear propagation resistance of
plastics is generally less than their ultimate tear strength, the
material breaks.

Mirgel arnd Kelso [326] reported on the impact properties of coated
plastics being used in the exterior parts of cars. Specimen failure an
impact, Figure 9.12(a), especially at low temperatures, have been
associated with brittleness of the paint, and it has been recommended
that flexible primers and top coats can eliminate the notch effect as
shown in Figure 9.12(b). They also showed that due to coating
flexibility, a decrease in the elasticity of the coated ABS samples
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would result in a low impact failure (Figure 9.12(c)). Some studies
[327] have expressed that the thermal history and moulding corxiititms
of a plastic sample are more important in contributing to a meaningful
impact result rather than some specific intrinsic material response.
Nevertheless, to date, as far as we are concerned, there is no
reported work concerning the differences in impact properties of in-
mould and post-mould coated plastics materials having similar chemical
ingredients for both coating and substrate but different ooating'
applications.

In this section, the impact properties of polyurethane and polyester
coated substrates have been studied in an attempt to distinguish how
various factors (i.e. substrate and oocating materials ard ooating
processes) would influence the results. - |

9.3.3 Experimental Procedure
a) Sample Preparaticn
The test specimens for all substrate/coating combinations were cut

into squares of 7.5 x 7.5 cm®. The IMC and PMC samples of moulded
materials were tested having their original thickness. For coating
spray PU foam specimens, the variation in thickness between different
samples was corrected ard the thidmess for all coating combinations
was kept the same throughout. The approximate thickness for variocus
coated substrates are given in Table 9.10.

Substrate Range of sample thickness
for impact (rm)
Semi-flexible polyurethane 9.8-10.2
Rigid polyurethane 10.0-10.3
RIM~-polyurethane 6.4- 6.6
Crystic polyesters 4.8- 5.0
Rigid spray polyurethane 16.5-18.0

foam (Isofoam SS-0658)

TABLE 9.10: Sample thickness for impact testing
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b) Impact Testing

A Rosand instrumented falling weight impact tester (type 5A) was used
to assess the impact properties of coated polyurethane and polyester
specimens. A schematic diagram illustrating the Rosand impact tester
is given in Figure 9.13 [328].

The impactor probe and the impact weight are fitted with a transducer.
This assembly when released would accelerate, due to gravity, towards
the sample holder. The falling impactor tip triggers a transient
recorder just prior to striking sample. The transient recorder will
then start collecting and storing data of the force-time during
deformation and fracture. The impact assembly 1s equipped with a
microcomputer which on receiving the force signals would process the
data for force-time or force-deflection graphs. The stored data can
also be analysed to give information about gradient and through
integration of the force-time data, energy values at any given point
are found. A force-deflection trace demonstrating the impact features
is shown in Figure 9.14 [329].

Force {KN} / Slope
'y /

Peak
force

\.l
Energy to \\1
\

peak force Distance
{mm)
NI —
// Deformation
at Deformation at

peak force faiture

FIGURE 9.14: Impact force-deformation trace (after Ref 329)
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Details of the impact test conditions are given below:

Impact height 464 mm

Impact mass 25.35 kg

Impact speed 3.0 m/s

Impactor tip 10 mm hemispherical (ISC)
Sweep time 20 ms

Delay 10

Filter 3 kHz

Temperature 20 £ 19

Ten specimens were cut from each sample and tested so that average
readings for a broad scatter of results could be found. The above
conditions were selected after a number of preliminary tests and

considering the following relationships [330]:

= Velocity (m/s)

= Acceleration due to gravity (9.81 m/s2)
= Test height (m)

= Available impact energy (J)

= Impact mass (kg)

Total energy available (J)

§50m5m<
I
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Using a sweep scan through preset times, from 2 ms to 8 seconds, a
recording is taken after the data system has been triggered. Delay
values indicate the number of points recorded afer the trigger, so
that a delay of 9 means that 90% of the points are to be taken after
the trigger signal [328]. '

Filtering is applied in order to reduce undesired vibrations,
especially for brittle samples. It must be noted that excessive
filtering may result in hiding some of the important characteristics
of the fracture behaviour [330].

c) Types of Impact Failure
Various types of composite material response recorded from an

instrumented impact test are shown in Figure 9.15. The first material

(Figure 9.15(a)) is brittle which undergoes a linear elastic
deformation and then shatters., The secoryrd material {Figure 9.15(b)) is
ductile which, after an elastic deformation, the material passes
through a yield point and undergoes plastic deformation before it
breaks. The other two types (Figures 9.15(c) and 9.15(4)),
brittle/ductile and ductile/brittle failures, respectively, are more
specific and are mainly associated with more heterogenecus materials.
Brittle/ductile failure takes place before peak force has been reached
(i.e. prior to yield) whereas ductile/brittle failure takes place
after peak force has been reached (i.e. beyond vield).

9.3.4 Results and Discussion

Results cbtained from the impact testing of all samples are presented
in Tables 9.11 to 9.13 and Figures 9.16 to 9.18. The peak energy was
found to be the most reproducible calculated result and was therefore

used to compare the different IMC and PMC samples. The effect of
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different variables (see Sectlon 9.2.5) on impact properties (i.e.
peak energy) of coated samples are discussed here.
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FIGURE 9.15: Different types of impact failure

Types of failure (see Section 9.3.3(c)) for all tested samples were
also recorded and presented in Tables 9.11 to 9$.13. This information
was found particularly useful where a number of coated samples
exhibited similar peak energy values arxd quantitative results cculd
not easily be distinguished. The number and type of impact failures
are reviewed as a separate issue in the last section. The results for
rigid PU spray foam systems (Isofoam SS-0658) coated with urethane
elastamer (Futura-thane 5000) where the effect of coating conditions
are important are discussed separately.
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Substrate Coating Type Peak Force Peak Deflection Peak Energy Type of
(N/mm) (J/mm) Failure*
IMC PMC IMC PMC PMC IMC PMC
MRC(120N) 508 542 13.15 14.46 4.18 0.49 DB
X-226/C2885 430 447 11.07 9.54 2.25 0.41 DB
Semi- ¥-225/C2885 511 660 10.76 13.26 4.60 0.39 DB
flexi~ X-220/C075/C770 563 396 11.45 10.21 2.13 0.63 DB/D
ble PU 624 670 12.23 9.31 3.26 0.52 DB/D
885 518 11.06 B.74 2.37 0.80 nB
MRC(120N) 412 338 12.16 11.05 1.97 0.43 D
X-226/C2885 267 308 10.73 10.85 1.76 0.22 D
X=-225/C2885 298 279 9.45 6.36 0.93 0.27 DB
Rigid X-220/C075/C770 317 302 8.71 12.29 1.96 0.19 D
186 241 8.42 9.19 1.16 0.16 DB
381 306 7.28 3.31 1.34 0.29 D
MRC(120N) 1167 1302 10.43 11.22 7.78 0.87 D/DB
X-226/C2885 1125 1211 10.21 9.62 6.13 0.76 DB
RIM-PU  X-225/C2885 1460 1284 9.17 12.35 7.90 0.84 DB
X-220/C075/C770 1362 1029 12.68 13.15 6.91 1.10 DB
D = ductile, DB = ductlile/brittle
S.d = sample standard deviation

TABLE 9.11: Impact properties of coated polyurethane substrates



beeg

Substrate Coating Type Peak Force Peak Deflection Peak Energy Type of
(N/mm) (mm) (J/um) y Failure#
S.d
IMC PMC IMC PMC IMC PMC IMC PMC IMC PMC
MRC(120N) 970 1230 1.68 1.93 0.94 1.21 0.15 0.42 BD B
X-226/C2885 1305 1265 1.29 1.88 1.07 1.10 0.19 0.15 B D/DB
Cl96 X-225/C2885 1138 1251 1.75 1.23 1.26 0.74 0.22 0.1 B DB
X-220/C075/C770 1640 1092 1.43 2.26 1.37 1.32 0.21 0.43 B DB
MRC({120N) 1099 853 1.37 1.17 0.81 0.52 0.31 0.18 BD BD
X~226/C2885 921 960 1.33 1.60 0.58 0.93 0.14 0.26 BD/B BD
Ci98 X-225/C2885 952 '762 1.94 2.18 1.05 1.02 0.17 0.22 D/DB .DB/D
X-220/C075/C770 1032 942 1.85 1.51 1.16 0.97 0.22 0.15 B D/DB
MRC(120N) . 845 593 1.37 2.44 0.63 0.85 0.11 0.21 BD/B BD
X-226/C2885 938 991 1.28 1.35 0.76 0.80 0.15 0.17 BD BD
C199 X-225/C2885 842 920 1.81 1.46 0.92 0.83 0.26 0.31 DB DB
X-220/C075/C770 878 722 1.95 2.04 1.05 0.94 0.23 0.34 BD/B DB
* B = brittle, D = ductile, BD = brittle/ductile, DB = ductile/brittle
# S.d = sample standard deviation

TABLE 9.12: Impact properties of coated polyester substrates



Coating Conditions Peak Force Peak Peak Energy Type of
(N/mm) () (3 /mm) S.d" Falilure*

+ 30 sec 545 13.12 3.64 0.36 D

+ 30 min 528 12.24 3.32 0.51 D/DB

+ 45 min 567 13.59 3.90 0.53 D

+ 60 min 541 11.07 3.06 0.40  D/DB

+ 24 hr (outdoor) 491 10.12 2.56 0.17  DB/D

+ 48 hr (indoor) 485 10.58 2.63 0.22 DB

+ 3 day (indoor) 291 6.52 1.02 0.30 DB

+ 3 day (ocutdoor)

+ 20 day (indoor) 447 9.17 2.16 0.23 DB

+

3 day (ocutdoor)

TABLE 9.13: Impact properties of coated PU spray foam

* D = ductile
DB = ductile/brittle

I

# S.d = sample standard deviation
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Effect of substrate materials

a) Polyurethane substrates

The IMC and PMC samples of RIM PU showed superior peak energy values
to those of semi-flexible and rigid foam substrates. The average peak
energies for all semi-flexible foam samples were higher than those of
corresponding rigid foams. In a generalisec} form it can be written
that:

rigid foam < semi-flexible foam < RIM

peak energy increase

b) Polyester substrates

The peak energies achieved with coated Cl96 substrates were often
higher than those for corresponding €198 and Cl199 coated surfaces.
Generally, the peak energy values of the latter substrates were
similar with C198 showing some increase for most of the IMC samples.

Effect of Coating Materials

a) For polyurethane substrates

There was no systematic variation from coating to coating. For semi-
flexible foam and RIM substrates the two pack PU coatings MRC (200)
and X-220/0075/C770 showed some higher peak energy values for IMC
samples than the others. The one pack ooating MRC (120N} performed
more satisfactorily resulting in higher peak energy for rigid foam.
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b) For polyester substrates
The two pack coating X-~220/0075/C770 exhibited higher peak energy for
both IMC and PMC sanples of polyester substrates. The effect of other

coatings on impact properties of polyester surfaces could not be
systematically distinguished. Nevertheless, it was apparent that one
pack coating X-225/C2885 showed some advantage (i.e. higher peak
energy) with most of the coated systems and one pack coatings MRC
{120N) and X-226/C2885 exhibiting smaller impact energies especially
with IMC polyester substrates. As a rough estimate the influence of
various coatings on impact properties of IMC and PMC polyesters can be

summarised as:

MRC (120N) < X-226/C2885 < X-225/C2885 < X-220/0075/C770

peak energy increase

Effect of Coating Processes

a) For polvurethane substrates

Generally, the IMC samples of semi-flexible foam gave greater peak
energy than those of PMC. This effect was more evident with samples
coated with two pack coatings. The influence of coating processes on
IMC and PMC samples of rigid foam and RIM substrates were more

camplex.

b} For polyester substrates

The IMC samples of three polyester surfaces where two pack coating X-
220/0075/C770 and one pack X-225/C2885 were applied showed superiority
(i.e. larger peak energy) to their corresponding PMC samples. This
effect was reversed for polyester substrates coated with one pack X-
226/C2885 coating where PMC specimens exhibited greater peak energies
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than IMC's. The influence of coating processes on these surfaces

ocoated with MRC (120N) was not distinguished.

Effect of Coating Conditions on Impact Properties of Coated PU Spray

Foam

The results shown in Table 9.13 and Figure 9.18 indicated that the
coating conditions (i.e. ageing, temperature, humidity) have had some
effect on the impact properties of coated specimens. As expected, a
simple direct relationship demonstrating the influence of all the
factors involved on the impact behaviour could not be proposed.
However, it may be stated that, in general, the average peak energy
showed sane decrease as the time between the substrate foam production
and the coating application was increased. The samples whose coatings
were applied within the first hour of PU foam production showed
similar peak energy values (i.e. standard deviation to be considered).
For the cother samples in which coatings had been applied from 24 hours
to sane three weeks after the substrate was produced a reduction of 15
to 45% in peak energy was recorded. The worst specimen was based on a
substrate aged for six days; its surface had darkened showing W
attack and that a relatively thick weak boundary layer had been
formed.

Types of Failure for Various Coated Substrates

Since an assessment based entirely on the peak energy data had its
shortcomings, a record of types of failure and the location of
fracture of tested samples was therefore necessary in order to gain
extra information. The failure analysis of coated PU and polyester
samples in the IFWI test where the crack propagation involved a mumber
of variables is shown in Tables 9.11 to 9.13.
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It may be argued that the type and extent of failure observed both on
the surface and inside the composite systems have been affected by the
substrate and coating materials and also by the type of
substrate/coating interface due to different coating processes.

For coated PU substrates, both IMC and PMC samples showed typical
ductile or ductile/brittle failures upon impact. It was mterest:mg
to note that the impacted area with the ductile deformation showed a
punch-like fracture surface, mostly asscciated with IMC samples. For
IMC samples of semi-flexible foam, this punched-out area was often
found still attached to the test specimen. On the other hand, for PMC
specimens the impacted area was normally cracked and broke away from
the rest of the test specimen. It may be argued that the ductile
deformation observed with many IMC samples, particularly with two pack
coatings, indicated a stronger, more ccherent interfacial region
between substrate and coating. This finding was also observed by scme
microscopy studies of IMC and PMC sanples (see Chapter 11).

Coated polyester substrates exhibited various types of deformation
upon impact. Therefore, the appearance of frachured specimens as well
as the form of the force-deflection curves and the magnitude of the
impact energy were studied in order for various types of failure to be

The coated PU spray foam samples showed ductile and ductile/brittle
failures upon impact. Ductile/brittle type deformaticon was generally
associated with those samples whose substrates had been subjected to
ageing and severe enviromental conditions prior to coating. On the
other hand, the ductile type failure was often observed with freshly
coated substrates (i.e. within the first hour of foam production).
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9.4 NON—(XUANTTTATIVE ADHESION TESTS: MFASUREMENTS, RESULTS AND
DISCUSSION

9.4.1 Introduction

Non—quantitative adhesion tests basically refer to those empirical
test procedures used to assess the performance of a coating, by
measuring a property (e.g. cross-out and scratch hardness) which
deperds, among other factors, on the adhesion of the occating to the
substrate.

Although the term "hardness" for coating or bulk substrates (not to
be confused with IRHD or Shore) has been in use for many years, a true
and universal meaning applicable to all cases has proved difficult to
find. Similarly a detailed definition for hardness testing would vary
with the method of testing and also the hardness value for each test
varies with loading weight, loading rate and loading method at the
time of observation. Therefore it can be argued that an absolute
method of hardness does not exist. Many types of hardness testing are
used for polymeric materials [315,331-333]. Cross-cut and scratch
methods of hardness testing, although very quick and simple to use
have been applied on a number of painted materials and will be
reviewed here.

9.4.2 Cross-Cut Hardness Test

This is a test method for assessing the adhesion of a coating to a
substrate. Bikerman [216] has rejected the validity of the cross-cut
method, stating that the knife action will only crush the coating and
the crushing force has no relation to the forces acting between the
coating and the substrate. Therefore he argues that this type of
measurement on a free film clamped at both ends will give very similar
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results to the coating/substrate combination. He argues that if the
knife is pushed deeper, removing a layer of the substrate, again this
does not alter the essential mechanisms but, instead of one, two
materials are crushed, and the measured force is the sum of those
needed to form coating and substrate separately.

On the other hand, Briggs [334] has argued that the cross-cut and
scratch tests give results more closely related to practical paint

performance than the more camplex quantitative methods.

The test procedure described here is based on a British Standards
method of test for paints as BS 3900: Part E6: 1974.

9.4.2.1 Experimental Procedure

Applying a uniform pressure on a multiple cutting tool with six
cutting edges 1 mm apart with its face in a plane normal to the
specimen surface, a lattice pattermn of 25 squares each of 1 mm side
was cut into the coating, penetrating through it to the substrate. The
sample was then gently cleaned with a soft brush five times backwards
and five times forwards along each of the diagonals of the lattice
pattern. The pattern was then visually examined for partial or
complete detachment of the coating and classified and rated on a
numerical, but arbitrary, system according to the extent of
detachment. Classification of test results according to BS 3900: Part
E6: 1974 is shown in Appendix .3.

Each sample was tested in at least three places. If these three
results did not agree, in terms of classification menticned above,
then the test was repeated at three more places and all the results
recorded.
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9.4.2.2 Results and Discussion

Tables 9.14 and 9.15 show the results of the cross-cut testing of each
IMC and PMC substrate/coating combination. These results are also
illustrated graphically in Figures 9.19 and 9.20. The effect of
different variables on cross-cut hardness results are discussed here.

Effect of Substrate Materials
a) Polyurethane substrates

The IMC and PMC samples of RIM polyurethane substrate showed better
cross-cut hardness performance than semi-flexible and rigid PU
substrates. The effect of substrate on hardness is more evident with
IMC samples. The owverall effect of semi-flexible PU substrates is
superior to that of the rigid PU surface.

b) Polyester substrates

Cyg9p Polyester substrates gave a more satisfactory cross-cut hardness
performance than Cygg and C,gq surfaces. The effect of C,gg substrate
is less evident for PMC samples where all types of polyester
substrates showed similar hardness walues. For IMC specimens, the
effect of substrates is more obvious so that it can be written that:

C199 < C198 < C196
Cross-cut hardness increase

Effect of coating materials
a) For polyurethane substrates

The effect of coating materials on cross-cut hardness of both IMC and
PMC samples of RIM-FU substrate can be summarised as:
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Substrate/coating Canbination Cross-cut Classification

MC PMC
PU-RIM/MRC (120N) 2 4
PU-RIM/(X-226/C2885) 1 2
PU-RIM/ (X-225/C2885) 2 3
PU-RIM/ (X-220/0075/C770) 1 1
Semi-flexible PU/MRC (600) ) 2
Semi-flexible PU/MRC (200) 1 4
Semi-flexible PU/MRC (120N) 3 4
Semi-flexible PU/(X-226/C2885) 4 3
Semi-flexible PU/(X-225/C2885) 3 2
Semi-flexible PU/(X-220/0075/C770) 2 2
Rigid PU/MRC (600) 4 4
Rigid PU/MRC (200) 1 2
Rigid PU/MRC (120N) 2 3
Rigid PU/(X-226,/C2885) 5 3
Rigid PU/(X-225/C2885) 4 3
Rigid PU/(X-220/0075/C770) 3 3

TABLE 9.14: Cross-cut hardness results for IMC and PMC polyurethane

substrates
Substrate/coating Combination Cross-cut Classification
mc PC
C196/MRC (120N) 2 4
C196/(X-226/C2885) 0 1
C196/(X~-225/C2885) 1 2
Cl196/(X~220/0075/C770) 0 2
C198/MRC (120N) 3 4
C198/(X-226/C2885) 1 1
C198/(X-225/C2885) 2 3
C198/(X-220/C075/C770) 1 2
C199/MRC (120N) 2 4
C199/(X-226/C2885) p 2
C199/(X-225/C2885) 2 3
C199/(X~-220/C075/C770) 2 2

TABLE 9.15: Cross-cut hardness results for IMC and PMC polyester
substrates
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FIGURE 9.20: Cross-cut hardness classification for IMC and PMC
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MRC (120N) < X-225/C2885 < X-226/C2885 < X-220/0075/C770

Cross-cut hardness increase

For semi-flexible and rigid PU substrates, the coating materials
showed different effects depending on the coating process. In general,
two pack systems gave mare satisfactory results. The perfarmance of
various coatings can roughly be expressed as:

For semi-~flexible PU substrates:

X-226/C2885 < MRC (120N) < X-225/C2885 < MRC (200) <
X-220/0075/C770 < MRC (600)

Py

hardness increase

For rigid PU substrates:

X-226/C2885 < MRC (600) < X-225/C2885 < X-220/C075/C770
< MRC (120N) < MRC (200)

L ]

hardness increase

b) For polyester substrates

Although the effect of various coatings on polyester substrates were
sanewhat different, the general trend of their performances were very
similar. This effect can be summarised as:

MRC (120N) < X-225/C2885 < X-220/0075/C770 < X-226/C2885

—

hardness increase
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Effect of Coating Processes

a) For polyurethane substrates

In general, the majority of IMC PU substrates showed superiority to
their corresponding PMC samples. This distinction was most significant
for RIM-PU substrates. For semi-flexible and rigid PU surfaces the

hardness values of a number of IMC and PMC samples proved to be very
similar. In these cases the difference in the amount of detached
coating from corresponding IMC and PMC sanples were within 10% to 15%,
but because of classification regulations (see Appendix 3), they have
been rated differently.

b) For polyester substrates

Except for a few cases where the IMC and PMC samples showed similar
cross-cut hardness values, for the majority of IMC specimens the

hardness values were superior to those of PMC.

It can be concluded that different wvariables (i.e. substrates,
ocoatings and ococating processes) would have different effects on the
cross-cut hardness values of coated specimens. This finding is
contrary to Bikerman's view stating that the same coating on different
substrates would give similar cross-cut hardness wvalues. Bikerman's
argunent may be generally true for very thick ooatings but for thin
coating (i.e. < 50 um) and the type of coatings used in these
experiments it is not valid.

9.4.3 Scratch Hardness Test

Scratch resistance is the most important method of measuring the
hardness of a coating from a practical viewpoint and is widely used in
indusi/:l.zy [331]. This is usually determined by pencil hardness, a

rapid, inexpensive method of measuring the film hardness of a coating
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cn a substrate in terms of drawing leads or pencil leads of known
hardness. The test method followed here is that specified in ASTM
D3363-74.

9.4.3.1 Experimental Procedure

A range from 6B to 6H of high quality drawing pencils (Rexel
Cumberland: Derwent graphic) were sharpened in such a way that
approximately 3 to 6 mm of wood was removed from the point of each
pencil, and the exposed pencil leads were abraded using a No 400
carbide abrasive paper. Starting with the hardest lead, the pencil was
held firmly against the coated sample (placed on a firm horizontal
surface) at a 45° angle and pushed away for a stroke of about 6 m.
Exerting sufficient uniform pressure dowrnward and forward the process
is continued down the scale of hardness until a pencil is found that
will neither cut through nor scratch the coating. The hardest pencil
that does not cut into the coating for a strake of at least 3 mm will
give the gouge hardness, whereas the hardest pencil that will not
rupture or scratch the coating will determine the scratch hardness. A
minimum of six determminations for gouge hardness and scratch hardness
for each pencil were carried out. As may be gathered the technique is
likely to be cperator sensitive.

9.4.3.2 Results and Discussion

The gouge and scratch hardness results for each IMC and PMC
substrate/coating cambination are presented in Tables 9.16 and 9.17
and are shown graphically in Figures 9.21 and 9.22. The effect of
different variables an hardness values are discussed here.
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Substrate/Coating Gouge Hardness Scratch Hardness

Combination IMC PMC mc PMC
PU-RIM/MRC(120N) 2H HB H 3B
PU-RIM/(X-226/C2885) 3H F HB HB
PU-RIM/(X-225/C2885) 3H F F HB
PU-RIM/(X-220/0075/C770) 44 B F 3B

Semi-flexible FU/MRC(600) 6H 2H HB 2B
Semi-flexible PU/MRC (200) F 2B HB 5B
Semi-flexible PU/MRC (120N) B B 2B 4B
Semi-flexible PU/ B F 3B 5B

{X-226/C2885)
Sami-flexible PU/
(X-225/C2885)

"y
w
0]
(98]
m

Semi-flexible PU/ HB H 2B 2B
(X-220/0075/C770)

Rigid PU/MRC (600) HB 2B B 58
Rigid PU/MRC (200) H H F 6B
Rigid PU/MRC (120N) F B <6B <6B
Rigid PU/(X-226/C2885) B B 3B 2B
Rigid PU/(X-225/C2885)" HB B 2B 3B
Rigid PU/(X-220/0075/C770) H 2B 5B 5B

TABLE 9.16: Scratch hardness results for IMC and PMC polyurethane

substrates :

Substrate/Coating Gouge Hardness Scratch Hardness

Cambination IMC PMC mic PMC
Cl96/MRC (120N) 2H H HB B
C196/(X-226/C2885) 3H 3H B H
C196/(X-225/C2885) 3H 4H 2B 2B
C196/(X~-220/C075/C770) 6H Z2H F B
C198/MRC (120N) H HB F 2B
C198/(X-226/C2885) 3H H B B
C198/(X-225/C2885) 6H 3H 2H ZB
C198/(X-220/0075/C770) 3H 3H 3B B
C199/MRC (120N) H 2H 3B 3B
C199/(X-226/C2885) F H HB HB
C199/(X-225/C2885) 2H B B 2B
C199/(X-220/C075/C770) 2H 3H HB B

TABLE 9.17: Scratch hardness results for IMC and PMC polyester
substrates
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FIGURE 9.21: Scratch hardness classification for IMC and PMC PU
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Effect of Substrate Materials

a) Polyurethane substrates

RIM polyurethane substrates showed greater scratch and gouge hardness
values for both IMC and PMC samples than semi-flexible and rigid PU

substrates. With only a few exceptions, all the results obtained on
semi-flexible PU substrates were superior to those for rigid PU.

b) Polyester substrates

Generally, Cjqg PoOlyester substrates gave higher scratch and gouge
hardness results than Cygqg and C gg surfaces. This distinction was
more pronounced with PMC samples and particularly for gouge hardness
values. The overall hardness results for IMC sanples of Cyqgg were
higherthanthoseforclggbut for PMC samples the two substrates
showed similar results.

Effect of Coating Materials
a) For polyvurethane substrates

There was no systematic variation from ccating to ccating For RIM and
rigid PU substrates the gouge hardness values for samples c¢oated with
2 pack coatings were generally superior to the other samples.

b) For polyester substrates

There was no systematic variation in coating type on hardness.
Generally it was recognised that the 2 pack acrylic/PU system (X-
220/0075/C770) showed higher gouge hardness than the others.

Effect of Coating Processes
a) For polyurethane substrates

IMC sanmples of RIM FU gave superior scratch and gouge hardness to PMC
specimens. For semi-flexible PU substrates, the scratch hardness for
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IMC samples gave either similar or larger hardness than PMC with the
exception of gouge hardness for IMC samples coated with (X-226/C2885)
which was inferior to its corresponding PMC. For rigid PU substrates,
the scratch and gouge hardness for IMC samples were normally higher
than PMC values with the exception of the scratch hardness for IMC
samples with X-226/C2885 slightly lower than PMC.

b) For polyester substrates
There was no systematic variation between IMC and PMC samples.

In can be concluded that variocus substrates showed different effects
on the scratch hardness of coated samples. Variation from coating to
coating could not indicate a very clear effect on the hardness results
except with 2 pack PU ooatings which generally showed superiority to
the other coatings. The coating processes showed same effect on the
hardness results mainly for PU substrates and in particular for RIM-PU
substrates.
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CHAPTER 10
THERMAL ANALYSIS TECHNIQUES

10.1 INTRODUCTION

Thermal analysils, as used in a wide range of techniques, can be used
'bodetenninescmechangesinplwsicalarneqhanical properties of the
material when measured as a function of temperature. These
techniques include differential thermal analysis (DTA), differential
scanning c¢alorimetry (DSC), thermomechanical analysis (TMA),
thermogravimetry (TG), and dynamic mechanical thermal analysis (DMTA).

This chapter first reviews the theory of DSC which is the. main
technique used in this research. This is followed by an examination of
its experimental procedure and a report of its results and discussion.
To verify the thermal transitions detected by DSC, and to gain more
information about the temperature dependence of mechanical properties,
this chapter then discusses the theory of DMTA, and reviews its
experimental procedure and presents its results and discussions.

10.2 DIFFERENTIAL SCANNING CALORIMETRY (DSC)

Since the early 1960s, due to the availability of commercial
instrumentation, the DTA with the ald of DSC have been shown to be
valuable techniques in the thermal analysis of polymers [335-338].

Thermal properties of polyurethane and polyester polymers have been
extensively reviewed in the literature [339-342]. However, there are
scarcely any documented reports describing the effect of polymeric
coatings on the thermal behaviour of these substrates.
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Garn [343] has argued that additional energy due to strain or to
mechanical or thermal analysis can affect the thermal decomposition of
a material. DSC was applied to inwvestigate and analyse the scans for
different coating/substrate systems and hence demonstrate the effect
of conditions on the bond formation. As a result he has stated that
changing a substituent on the other end of a chemical bond would
affect the degradation or decomposition of that bond. Therefore it was
assumed that differences in temperatures of degradation of
substrate/coating bonds are related to the strengths of these bonds.
It has been concluded that differences in thermograms resulting from
the degradation of the bond between the coating and the substrate
materials may be studied in order for the adhesion energies to be
evaluated.

In this research, the DSC scans for IMC and PMC polyurethane and
polyester materials are compared with those for substrate or coating
cnly. The change in temperature of the transition peaks or the general
trend of the scans or the rate of the decamosition of the bond should
yvield a measure of the change in bond energy. It has been intended to
show that for this type of analysis comparing one sample with another
often gives wvaluable information and this difference found between
them is more significant than the absolute values of the transitions.

10.2.1 Theory of DSC

Differential Scamning Calorimetry (DSC) is a technique in which the
differences in energy inputs into a substance and a reference material
is measured as a function of temperature while the substance and the
reference material are subjected to a controlled temperature programme

[344]. DSC measurements are normally facilitated by the aid of a
Differential Thermal Analyser (DTA). A schematic diagram of a typical
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analyser system for DTA/DSC is given in Figure 10.1. The differential
heat flow to the sample and the reference material being monitored by
thermocouples, is fed to a variable high gain amplifier where the
signal is amplified, electronically scaled to read directly in heat
flow units and finally recorded on the Y-axis of a recorder. An
idealised representation of the three major processes cbserved by DSC
is given in Figure.lo.z.

Readout

F ¥

b e

T (H

Junction Heat shieW
—
1
IQJE . Sampie cell .
- ot .
L ]| . . .
. °
. .
i [ ] —1 L1
Cooling |
P ,q. Contrel 7C
Sample TC —¥ Programming
device
Reference TC

FIGURE 10.1: Schehatic diagram of a typical differential thermal
analyser system [345]

heating . T

1° oxidation

crystallisation
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transition/
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degradation
1
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1 ¢—Sooling
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FIGURE 10.2: An ideal representation of major processes observable in
- DSC

258



The DSC scans produced may include some or all of the following

features [346]:

a)

b)

c)

d)

e)

Glass transition temperature (Tg): This is shown as a
discontinuous change in slope at the glass/rubber transition
temperature, for polymers with a low degree of crystallinity,
indicating a transition from a rigid to a flexible structure. It

causes a change in heat capacity and hence a shift in base line.

Crystallisation temperature (T.): In addition to the
crystallinity already present in semi-crystalline polymer,
further crystallisation may be induced in the sample an heating.

Crystalline region melting temperature (T, ): The melting of a
polymeric material is an endothermic behaviour whose breadth
indicates the melting rarge.

Oxidation and degradation processes: At higher temperatures the
polymer may oxidise or degrade depending upon the surrounding
atmosphere (experiment run in Np; atmosphere).

Cooling transitions: Heating is normally continued for some 20
to 30°C above the melting point before cooling is started. This
is to ensure that all crystallite nuclei are destroyed in the
melt so that subsequent recrystallisation can take place under
random environmental conditions. The main transition
temperatures associated with the cooling process are Ty, at which
crystallisation starts, and T at which the rate of

cmax-’
crystallisation is a maximm,
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10.2.2 DSC: Experimental Procedure
Thermal properties of polyurethane and polyester substrates, various
PU based coatings and IMC and PMC samples of different combinations of

substrate and coating materials were measured using a Du Pont 990
Differential Thermal Analyser fitted with a Du Pont 910 Differential
Scanning Calorimetxry (DSC) accessory. A cross-sectional diagram of
the DSC cell used in this work is shown in Figure 10.3. Prior to
thermal analysis experiments, the instrument was calibrated for
temperature using indium (melting point = 156.5°C) as a standard

reference.
Thetmocoupie Disc
SﬂverR'ng\ i
N s

l;g‘erence —~] |__——Sampie Pan

/ 7 ———— Chromei DisC
/é %

W% ) e

Aumel Wie / \ Chromel Wre

FIGURE 10.3: DSC cell cross section (after Ref 344)

Sample pans were prepared by encapsulating 10 to 12 mg of each
substrate or coating material. For coated samples 15 to 20 mg of
material proved sufficient but it was recognised that this increase in
the sanmple weight was limited by the size of the standard pans and
also by failing to respond to sane expansion due to degradation. As a
result, larger pans were used for coated specimens. It was found
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necessary that substrates of coated materials were microtomed so that
a closer ratio between substrate and coating were obtained. The
satisfactory substrate/coating ratic (by weight), giving meaningful
DSC thermograms, was practised throughout the experiment.

The sample pan and anempty pan, used as a reference, were placed on
raised platforms on the thermocouple disc. In the case of all samples
the cell was cooled to -60°C using liquid nitrogen. The cell was then
heated at a constant rate of 20°C/minute with a constant flow rate of

70 muHg of dry nitrogen gas passing through.

The DSC scans were recorded between -50°C and +300°C or room
temperature and 350°C. The two pens on the recorder were set at
different sensitivities of 5 and 10 mV/am. All samples were tested at
least three times to ensure reliable thermograms were recorded and the
irreqular effects often associated with settling within the pan for

initial scans were discarded.

10.2.3 DSC: Results and Discussion

The DSC results are presented in Figures 10.4 to 10.11. The
thermograms for IMC samples are shown as a so0lid line. Where
applicable, superimposed on each IMC thermogram is the DSC trace for
the corresponding PMC sample shown as a dashed line.

Figure 10.4 shows the DSC scans of various coatings used in these
experiments., Figures 10.5 to 10.7 illustrate the DSC traces for
different coated PU substrates where various coatings studied in
Figure 10.4 have been applied to these surfaces either using IMC or
PMC processes. Figures 10.8 to 10.10 show DSC traces for polyester
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surfaces coated similarly to the PU substrates mentioned abowve. Figure
10.11 represents the DSC scans of spray rigid PU foam (Isofoam
S55/0658) coated with a PU elastamer coating (Futura-Thane 5000). Here
the intention has been to study the effect of various conditions (i.e.
ageing, temperature, humidity) on the thermal behavicur of different
coated systems. The exact position and values of transition
temperatures are only recorded in places where this additional
informtimhasbeenﬂmghtnecessary. Otherwise, in most cases the
-differences between DSC traces of similar systems was found to give
satisfactory information. The dynamic mechanical thermal analysis
(DMTA) has also been applied on many of the systems studied by DSC
(see Section 10.3). This was found t© be useful since the results
obtained by the two techniques are in many ways complementing each
other and a number of conclusions derived in one method ocould be
confirmed by the other.

The effect of different variables (i.e. substrate materials, coating
types and coating processes) on DSC scans of coated samples are
discussed here.

Effect of Substrate Materials

DSC results of Figures 10.5 to 10.10 provide information concerning
the effect of different substrate materials on transition temperatures
of coated samples. The results for PU substrates may be summarised as
below:

1. The results of DSC traces obtained for coated PU RIM substrates
where a minimum of three samples were tested in each case were in
good agreement. This was not always true for semi-flexible and
rigid foams where in some cases up to six tests had to be carried
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out for each sample in order to achieve a statistically
meaningful set of results. The discontimuity and variation in
results may be due to the difficulties in preparation and
microtoming of coated PU foams. Achieving a balanced ratio
between substrate and coating also proved a delicate operation.
It may also be argued that due to the cellular structure of FU
foams a true representation of each system created additional
problems.

As expected, all the various PU substrates have a significant
influence on the thermal behaviour of coated samples. There was
no systematic variation between different substrates. However,
this effect was found to be more pronounced with semi-flexible
foam and RIM PU substrates (especially with IMC samples) than
with rigid foam.

The effect of PU substrates on thermal behavicur was variably
governed by the type of coating and the ccating processes
involved. The c¢hanges in the transition temperatures of the
original substrates were often observed at temperatures below
120°C. The amplitude (or depth) of transition regions in DSC
traces of coated samples were similar to those of the
corresponding uncoated substrates. This observation was not true
for the widths of transition regions of coated samples which
showed different results to those of the original substrates.
This effect was particularly rnoticeable with rigid foam samples.

The DSC scans of coated polyester substrates are shown in Figures 10.8
to 10.10. The effect of substrates on these thermograms are not
readily recognised. This is mostly due to the strong influence shown
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by various coatings on DSC scans and hence masking the other factors.
Generally, DSC scans of coated Cl196 and C198 polyester substrates
showed close similarities to the corresponding transition temperatures
recorded by DSC studies of their uncoated substrates.

Effect of Coating Materials

The DSC scans for various types of coating used in this research are
shown in Figure 10.4. For two pack coatings (X-220/C075/C770) and MRC
(200), two sharp endothermic transitions are observed at 60° and 78°C
respectively. In addition, another two endothermic peaks, less
defined, are shown at the 220° to 225°C region for these two coatings.
All one pack coatings showed very distinct exothermic peaks between
180° to 250°C. Generally, the transition temperatures occurring below
room tenmperature were less proncunced. These will be discussed in the
section below detailing DMTA results (see Section 10.3.3).

The effect of various coating materials on DSC scans of coated PU and
polyvester substrates shown in Figures 10.5 to 10.10 may be summarised

as follows:

1. Generally, the DSC scans for PU substrates coated with two pack
coatings showed sharp endothermic transitions (below 80°C),
similar to those for the original coatings., The other endothermic
peaks (above 200°C) associated with these coatings were not
readily observed with the coated samples results. However, the
positions of the first transition temperatures observed by both
two pack coatings had shifted in the DSC traces of coated
polyurethanes. This shift, particularly observed with IMC
samples, may be atiributed to the intermal mould pressure and
hence the force involved between substrate and coating in the
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processing operation. It is also considered that migration and
diffusion (see Section 12.2.1) has made it possible for new
struchures to be formed at the interfacial regions.

The effect of cne pack coatings on the DSC scans of ooated PU
substrates are not immediately obvious. For RIM PU samples
(especially with Mspecimens) the exothermic peaks observed by
the original one pack coatings are masked by the dominant
influence of the substrate transitions. As a result, broad
endothermic transition regions with peaks occurring at 235° to
250°C are observed with these systems.

For semi-flexible and rigid fcams, the effect of one- pack
coatings on the transition temperatures of coated samples are
clearly evident with subtle transition peaks occurring in the
200 to 250°C region.

The DSC scans of coated polyester substrates were strongly
influenced by the type of coating used in these systems. This
finding was valid for both one and two pack coatings. There were
no systematic variations found between the effect of various
coatings on transition temperatures.

It may be argued that distinct transitions shown by some coatings
in DSC scans of opated PU and polyester samples indicate the
incampatibility between that surface and a particular coating. In
that sense, it is evident that overall performance of two pack
coatings resulted in a more favourable (i.e. better

campatibility) cambination between the two systems.
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Effect of Coating Processes

Considering the ooated polymers to be a special form of blends, it can
be argued that in theory compatible coated substrates (an idealised
situation where complete diffusion of coating into substrate has taken

place) would ideally have a single glass transition temperature
samewhere between those of the pure coating and substrate components.
However, in practice the DSC studies of IMC ardd PMC PU and polyester
substrates proved to be more complex. Nevertheless, there were some
interesting observations indicating the influence of the coating
processes arxl the conditions on DSC scans of coated substrates. For
polyurethane substrates, the difference between DSC scans of IMC and
PMC samples were more pronounced with semi-flexible foams than with
the others. The rigid PU foam showed similar transition regions for
the majority of IMC and PMC specimens. It is interesting to note that
a number of thermograms, especially in the case of PMC samples of
semi-flexible foam, showed transition temperatures similar to those of
pure coatings. It is assumed that in these cases the independent
thermal characteristics of coating and substrate in the camposite
material is due to a less campatible region. This finding indicates
that coating processes as well as the effects of coating and
substrates already described in previocus sections, have an influence
on the thermal properties of coated systems.

At the beginning of an IMC cycle, the PU substrate ingredients are in
liquid state reacting over the dried IMC PU film. During the reaction
when most of the solvents in the formulations are used then the system
becomes too viscous (prior to solidifying) to form separate phases. At
the same time, the temperature of the mould as well as the exothermic
heat of the reaction are providing additional thermal energy to the
system. For IMC specimens, the combination of differing molecular

274



structures interacting with one another (i.e. the coating and
substrate materials) and the different energy inputs because of
moulding conditions may be thought to be observable by significant
energy variations in their DSC thermograms. The effect of coating
processes an the DSC thermograms of coated polyester substrates was
ot easily distinguished. Although an exactly identical performance
within similar coating processes was not apparent, there were a nmumber
of cases where some common features could be recognised.

The DSC scans of the majority of the IMC and PMC polyester samples
shown in Figures 10.8 to 10.10 illustrate the transition temperatures
markedly resembling those of the original (pure) substrate and coating
materials. This view was especially apparent with C198 and C199 coated
systems. The lack of any influence exercised by the coating
processing/conditicons on thermal behaviour of coated systems on the
one hand and the strong effect shown by energy levels within a single
material (substrate or coating) on the other hand are factors

indicating a very poor canpatibility between the two phases.

Effect of Coating Conditions on DSC Scans of Coated PU Spray Foam
The DSC thermograms of rigid PU foam (Isofoam S$S/0658) substrate, and

a PU elastomer (Futura-Thane 5000) as coating, with a series of
substrate/coating cambinations produced at wvarious conditions are
shown in Figure 10.11. The influence of starting materials (substrate
and coating) were observed with all coated samples. The endothermic
peak observed at about 250°C with the original coating is the dominant
transition occurring in all the scans.

Although transition temperatures of coated samples showed some

discrepancy, there was not a systematically uniform change in order to
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draw a direct relationship between the coating conditions and the
thermal behaviour. It must be emphasised that the effect of a number
of variances (i.e. ageing, temperature, humidity) often acting
simultanecusly upon these systems inevitably has made it a more
camplex task to analyse by thermal techniques. However, changes in the
DSC scans due to the thermal histories of the samples is evidently
showing that the conditions applied to the PU foam prior to coating
has had some effect on the thermal properties of the final camposite.

10.3 DYNAMIC MECHANICAL THERMAL ANALYSIS (DMTA)

Dynamic Mechanical Thermal Analysis is a technique for studying the
effect of molecular structure and phase morphology on the physical
properties of polymeric materials [347-349]. DMTA techniques give
gquantitative measurements of modulus changes for first order
thermodynamic transitions (¢) such as melting and crystallisation. The
resolution of the glass transition temperature (Tg) observed by DSC/
DTA 1s rather poor and in the case of minor components, the detection
of secondary transition (B ,y) is impossible. However, DMTA detects
(Tg) and (o) transitions with a sensitivity of about 1000 times higher
than DSC/DTA and measures B and v transitions quantitatively [349]

Dynamic mechanical properties of rigid and flexible PU foams,
representing a special form of camposites in which the modulus is
reduced by air or blowing agent, have been studied by others
[350,351]. The long relaxation time of the flexible PU ocbserved at
room temperature in recovery from large deformation has been

attributed to the proximity of its Tg at 25°C to roam temperature.
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Wedgewood et al [352] studied the dynamic mechanical properties of
some PU based coatings in the temperature range of -160 to 120°C.
Three transition (relaxation) regions o, 8 and vy were observed for
most systems. The ¢ transition was assigned to the coating's Tg,
whereas B andy transitions were mainly associated with interactions
and molecular motions in the soft segments (usually a polyester or
pquether diol). The B transitions were particularly associated with
the effects of absorbed water in the urethanes, and the differences in
the v transitions showed a strong indication that local motions of the
G, chain sequences in the soft segments were different.

Bratton et al [353] investigated the cure characteristics and
mechanical properties of a number of polymeric coatings either as free
films or coatings attached to metal substrates. Their DMTA results
showed that different values of Tg are obtained depending on the
coating conditions. This difference was tco large to be attributable
to either a poor clamping, or to the differences in analysis
frequencies (see 10.3.1). They argued that there may be a correlation
between the direction of shift in measured Tg and adhesion of the
coating to the substrate. Opatings which adhered well to substrates
gave higher glass transition temperatures when on the substrate than
when studied as free films, whereas coatings which adhered poorly gave
a higher value of Tg when analysed as free films. Another interesting
finding was that the thickness of the substrate had a significant
effect upon the temperature at which the measured Ty occurred. It was
also demonstrated that the type of metal substrate would affect the
measured Tg.

The DMTA technicque has been used successfully for coated arxd laminated
polymeric materials [349,351]. The DMTA results for a laminated
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polymer such as an adhesive tape showed a low transition temperature
due to the rubbery adhesive layer and a high transition temperature
due to the polyethylene terephthalate (PET) backing. An interesting
Observation was made on dynamic mechanical properties of coated PET
films [351]: the coating had a very pronounced effect on the
mechanical loss behaviour. The uncoated sample showed the relation
behaviour characteristic of PET with the glass transition (Tg) at
120°C and a secondary transition at -60°C. The sample with a good
quality coating showed a third transition at 50°C, while the intensity
of the transition was reduced substantially with the poor quality
coating. The poor coating appeared to 'be related to the uneven wetting
of the substrate.

10.3.1 Theory of DMIA

The dynamic mechanical themrmal analyser (DMTA) test method measures
the stiffness and energy absorption properties of a material by
applying a small sinusoidal stress to the sanple and measuring the
storage modulus (E') and loss modulus (E") [20,348,349,354]. The
quantity (E') is called the storage modulus because it defines the
encrgy sbored and recovered per cycle in a material and (E"), loss
modulus measures the energy dissipated or lost per cycle. The ratio of
these moduli, tans = E"/E', often referred to as the mechanical loss
tangent varies with temperature and reaches a maximm at the glass
transition temperature of the sample Tg. The relationships between
E', E", tan§ and the dynamic Young's modulus (E*) is shown in Figure
10.12.

A sample can be measured over a range of temperatures and at various
frequencies. The effect of temperature on storage modulus (E') and tany
is shown in Figure 10.13. Relaxation processes may be studied in more
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FIGURE 10.12: Argand diagram showing dynamic stoiage E' and loss E"
moduli and tand under sinusoidal loading (after Ref
349)

detail by obtaining data over a range of frequencies, in addition to
temperature. Freguency multiplexing is a cammon method of achieving
frequency coverage. The effect of the frequency multiplexing technique
in shifting the storage modulus and tan § curves is shown in Figure
10.14.

| storage modulus |
-

glassy
region

8 rubbery
transition region

Temperature, (C)

FIGURE 10.13: A schematic representation of temperature on storage
modulus and tané (after Ref 20)
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10.3.2 DMTA: Experimental Procedure

All measurements were made using a Polymer Laboratories Dynamic
Mechanical Thermal Analyser (PL-DMTA), shown schematically in Figure
10.15(a). The sample arrangement in the form of a rectangular bar of
material was firmly clamped at both ends and also held by a central
clamp. The central point of the bar was constantly vibrated
sinusoidally by & drive shaft connected to an oscillator. A dual

cantilever clamp frame used in this work is shown in Figure 10.15(b).
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FIGURE 10.15: (a) A schematic diagram of the mechanical head of PL-
DMTA
(b) A typical dual cantilever clamping device used in
the bending mode (after Ref 349)
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For substrates and IMC and PMC samples, the rectangular strip test
specimen of dimensions (40 x 10 x 4 mm) was used. For coatings, the
formulations were ooated on to one side of a rectangular steel bar
substrate of dimensions (40 x 9.5 x 3 mm) with the exception of
"Futura-Thane 5000", an elastomeric urethane coating, whose 0.95 mm
average thickness was sufficiently thick to be tested as a free film.
The clamped samples were then cooled using liquid nitrogen being
introduced into the sample chamber by the aid of a glass funel. Most
measurements were carried out at 1 Hz frequency with strain setting of
Xl for substrates and coated materials and X4 for free coating film
samples. The heating rate was set at 4°C/minute and most specimens
were tested over the temperature range of -80°C to 250°C. The
sensitivity values for different functions of an X-Y recorder were set
and the log E' and tan s were plotted.

10.3.3 DMTA: Results and Discussion

The DMTA results are presented in Figures 10.16 to 10.19. The results
for various coatings applied to the steel bar showed large
differences. These discrepancies indicated that the adhesion of
polymeric coatings to the metal substrate bars brought about other
factors influencing the dynamic mechanical results. It may be argued
that as various coatings would adhere differently to different
substrates, then the DMIA results obtained by coated steel bars are
not true representatives of these coatings observed in IMC and PMC
samples. Therefore a camparison based on the data obtained by coated
steel bars and used for polymeric substrates proved misleading and was
therefore discarded.

The DMTA scans for a number of in-mould and post-mould coated PU-RIM
substrates are shown in Figure 10.16. The intensity and location of
transition peaks for corresponding IMC and PMC samples show
distinctive differences. A number of secondary transitions not

observed with IMCs are particularly shown with PMCs. This effect seems
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to be more proounced with one pack than two pack coated systems. It
is further cbserved that the o~transition is normally broader in IMC
and PMC samples of PU~-RIM and also coated semi-flexible PU foam
(Figure 10.17) than it is for the corresponding uncoated substrates.
It may be argued that these differences in the local mode of
transition is due to some degree of heterogeneity for the less
campatible cambination. This may be explained in terms of different
coating processes producing physically and chemically different
interfacial regions. For PMCs the molecular attraction forces between
substrate and coating are weak and scattered whereas for IMCs, as a
result of a nurber of beneficial parameters (i.e. mould temperature
and pressure, exothermic heat of reaction, and the possibility of free
radicals on freshly made surfaces), the chances of developing larger
and more intimate attraction forces are greater.

Similarly it may be argued that for a number of IMC samples, the
thermal diffusion of molecular segments across the interface (see
Section 12.2.2) has resulted in different adhesion strength
properties. The differences observed in DMTA scans of these materials
are therefore reflecting these changes in energy required to
dissociate varicus bond energies. It can be concluded that the method
of processing (e.g. IMC and PMC) can have a significant effect on the
extent of phase separation and on the morphology of the interfacial
region. A similar view has also been cobserved by Wang and Cooper
[354] in a study on the morphology and properties of PVC-PU blends.
Although the appearance of a single glass transition temperature
suggesting phase mixing in polymer blends does not hold wholly true in
this research, it is anticipated that coated PUs showing relaxation
transitions similar to those of corresponding uncoated substrates
indicate better mixing and compatibility and a more homogenecusly
formed interfacial region.
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It is clear that based on the above argument, it may be presumed that
for IMC and PMC systems having different adhesion properties the
stiffness measured by storage modulus and loss modulus of each system
are different. For an asymmetrically coated composite (i.e. a single
sided coating on a substrate) measured in a single cantilever bending
mode, the following expressions have been suggested by Wetbon [349]:

2
(KE') Composite = E'b (%‘:)3 + 2 E'D [(ts";'_t")3 - (%)%f
" a2 B m (E5y3 L 1 tst 2tc.3 _ ts,3
(KE") Composite = E" b (T) ts E" Db [(—2—) (F)71f

where b, t and ¢ are the breadth, thickness and length respectively
of the sample and the subscripts s and ¢ refer to substrate and
coating respectively, and f is a seml-empirical factor depending on
the stiffness of coated systems. It has been argued that as the
coating stiffness increases, so the neutral plane for the camposite
will move and the neutral plane approximation will no longer be valid.

The DMTA scans for a mmber of rigid PU spray foams coated at various
coating conditions are shown in Figures 10.18 and 10.19. These scans.
show two distinctive transition temperatures corresponding to those of
the original substrate and coating materials. These transitions show
different amplitudes indicating that the coating processes and
environmental conditions have had some effect on the interfacial

formation shown by changes in mechanical loss behaviour.
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CHAPTER 11
SCANNING ELECTRON MICROSCOPY (SEM) AND

X-RAY MICROANALYSIS

11.1 INTRODUCTICN

The electron microscopes were first developed and demonstrated in
Germany in the 1930s. The scanning electron microscope (SEM) was
proposed and described by Knoll in 1935 and Von Ardenne in 1938.
However it was in 1956 that Stewart and Snelling introduced the first
camnercial SEM [355-357].

The majority of modern commercial SEMs working in the same
magnification range will normally display a larger depth of focus than
the light mdcroscope (i.e. up to X1000 greater). They can alsc cover a
wide magnification range (i.e. from below X10 to X200,000 with a best
resolution of 10 nm) with the ability of first observing an area at a
low magnification and progressively increasing magnification and
resolution [355,358]. Much of the early experiments with SEM have
been used to examine the metal/polymer surfaces [359,360]. Jchari et
al [361] using SEM, studied the adhesion between a PU paint coating
bonded to a titanium alloy. The SEM micrographs of fractured samples
revealed sane traces of an epoxy primer undercoat belonging to the FU
coating on the titanium surface and also showed that the gaps formed
were due to failure within the coating region itself and not in the
interfacial region. Hence, a strong bond between the coating and the
metal surface was indicated.
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The development of SEM created a demand for analytical techniques to
determine the chemical oconposition of the features revealed by the
microscopes. Fitzgerald et al [362] published a significant paper in
1968 in which they were first to describe the use of an X-ray detector
on an electron beam microanalyser. Today, several types of X-ray
detectors with varicus applications can be used in conjunction with a
SEM to provide chemical analysis of the sample along with surface
topography measurements [363,364].

Although SEM has been used in studying the structure of PU and other
polymers and has also been employed in various coatings research
[365,366], there are very few examples in which SEM of polymeric
substrates coated with polymeric materials and their interface region
have been imvestigated. In this research, SEM studies of IMC and PVC
samples of polyurethane and polyester substrates coated with various
coatings are reported. Also, the elemental analysis of interfacial
regions carried out with an energy dispersive X-ray microanalyser
(EDX), a solid state detector, are reviewed.

11.2 SEM AND EDX TECHNIQUES

The SEM provides surface information about bulk specimens by scanmning
a medium energy (5 to 30 KV) electron beam across the surface and
detecting the returning electron signal. The emission of electrons
from the irradiated specimen will cover the whole energy range
[355,367]. Generally speaking, it is the secondary electrons which are
amplified and sent to a cathode ray tube (CRT) to form the image.
Since electrons do not travel very far due to air molecules collision
under normal atmospheric pressures, the operating section of the

electron microscope, including the specimen, must be maintained under
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high vacuum. The electzons accelerated by an anode at a voltage range
of 1 to 200 KV, are then directed towards an electrostatic or
electramagnetic field onto the specimen. Having passed through more
electrostatic or electromagnetic lenses, the secondary electrons
reflected from the specimen surface are finally recorded on a
fluorescent screen or photographic plate. While high megnifications
are easy to obtain with the SEM, very low magnifications are difficult
to achieve as they require large deflection angles. The principles of
SEM are shown schematically in Figure 11.1.
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FIGURE 11.1: Schematic of a scanning electron microscope (SEM)
equipped with energy dispersive X-ray analysis (EDX)
(after Ref 355)

When X-ray analysis is carried out in the SEM, the fine scanning probe
is made stationary on a region of interest fram which the X-rays
emitted under the effect of the electron beam provide information
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about the nature and amount of elements present in that excited area
[357,367]. EDX can give elemental caomposition information for layer
thickness to 1 to 2 um. Although ED analysers may be used to detect
elements of atomic mumber down to that of cgrgen, best results given
are for elamnents above fluorine (Z=9) [368]. To awid any problems a
more vigilant detection for elements co-existing in a sample whose X-
ray energies are too close is needed.

11.3 COATING PROCESS

Nearly all non-contacting specimens examined in the SEM or analysed by
an X-ray detector need to be coated with a thin film of oonducting
material. This coating is necessary to eliminate or reduce the
electric charge which builds up in a non-oconducting specimen when
scanned by a beam of high-energy electrons. In the absence of a
coating layer, non-conductive specimens examined at optimal in-
strumental parameters invariably exhibit charging phenomena which
result in image distortion and thermal radiation damage which can lead
to a significant loss of material from the specimen [355,357].

The conducting coatings include carbon or heavy metals such as silver,
gold or gold-palladium alloy if a smaller metal grain size is
required. Metal ocoating can be produced in a varlety of ways, but of
these methods only thermal evaporation and sputtering are useful for
coating specimens for SEM and X-ray microanalysis. The cold diode
sputtering technique was employed in this research.
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11.4 EXPERIMENTAL PROCEDURE

Samples for SEM and EDX analysis were microtamed having been ccoled
using liquid nitrogen. Visual examination of all specimens was carried
out using a Cambridge Sterecscan model 2A microscope. The
microanalyser fitted to the SEM was a LINK type 860 series. Specimens
for SEM examination were 10 to 15 mm maximum dimensions because of the
limited size of the vacuum chamber. These were attached to Al specimen
holders (stubs) and a thin layer of silver was applied upon the
samples by a sputtering process under high vacuum conditions. The
prepared samples were then placed in the SEM colum with the chamber
being automatically wvacuum cycled and the microscope in operation
mode.

The interfacial regions between the substrate and coating in different
systems were then thoroughly examined by the image being projected
oanto a fluorescent screen. A diversion mechanism enabled the screen to
be replaced by a photographic medium and a number of areas of interest
were recorded by a 35 mm camera.

For each sample, the energy of emitted photons by an X-ray source were
measured to determine what elements were present {(qualitative
analysis) and from thelr intensity the quantities of each element
present in the specimens were determined. This procedure was carried
out at a point 40pm ingide each substrate and was repeated at 20, 10,
5, 2 and 1 um distance fram the ccoating depending on the nature/shape
of the interface. Then the above procedure was repeated with a
starting point inside the coating. A minimm of 10 positions inside
each system were chosen and the data collected was averaged.
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11.5 RESULTS AND DISCUSSION

The SEM results are given in Figures 11,2 to 11.13. In order to make
a camparison between different systems, these micrographs have been
grouped according to their types of substrate. Polyurethane substrates
(semi~flexible, rigid, and RIM) and polyesters (Cjgg. Cjgg. and Cjgg)
are dealt with first followed by an SEM review of coated rigid PU
spray foam. The results of elemental analysis of these systems by EDX
are documented in the last secticn.

SEM Results of Polyurethane Substrates

Figures 11.2 to 11.7 show the SEM micrographs for coated samples of
semi-flexible, rigid and RIM FU substrates.

a) For semi-flexible PU foam

Figures 1l1.2(a) and 11.2(b) show typical IMC and PMC systems of semi-
flexible PU foams. At 50 to 200 magnifications it is not possible to
discern any differences between the two systems. Nevertheless it is
recognised that with 2 pack ocoatings particularly, and also with 1
pack MRC (600) PU coating, the damage produced by microtoming is less
evident. An interesting observation was made at higher magnifications
(e.g. at 500 to 1200) which revealed some differences at the boundary
between the mating surfaces of IMC and PMC samples. This is shown in
Figures 11.2(c) arnd 11.2(d) where typical IMC systems showed a diffuse
interface possibly due to a better compatibility of the two systems.
In contrast the PMC samples revealed a more distinct, sharper

interfacial region.

Figures 11.3(a) to 11.3(d) show typical micrographs of coated semi-
flexible foams at 2000 to 10,000 magnifications. Most of the IMC
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systems revealed a diffuse type of interface. Any particular
variation between these systems was not observed. Therefore the
degree of diffusion and a classification of the systems was not easily
discerned. It could only be stated confidently that with the two pack
MRC (200) PU coating shown in Figures 11.3(b) and 11.3(c) a more
diffuse interfacial region was observed.

Generally PMC samples showed more distinct boundaries between coating
ard substrate than their corresponding IMC systems. This effect could
not be directly related to the coating type. Nevertheless, it was
established that with same coatings such as MRC (120N) shown in Figure
11.3(d) and also with MRC (600) the interface was more diffuse and o
obvious boundaries were observed. |

b) For rigid PU foam substrate

Figures 11.4 and 11.5 show typical SEM micrographs of coated rigid FU
foams. At low magnification (e.g. at 100X) the photanicrographs shown
in Figures 11.4(a) and 11.4(b) are very similar to those of semi-
flexible substrate. However, the SEM results at higher magnifications
shown in Figures 1ll.4(c) and 11.4(d) revealed a distinct boundary
between coating and substrate. This effect was more pronocunced with
the one pack coatings.

Figures 11.5(a) to 11.5(d) demonstrate typical examples of IMC and PMC
systems on rigid foam substrates at magnifications up to 10,000. It
- is interesting to note that some pigment particles are visible
particularly at high magnifications. The interfacial region observed
with the two pack (i.e. MRC (200) and X-220/0075/C770) and one pack
MRC (120N) coatings were particularly diffuse. This effect may be
explained due to similar solubility parameters between the two phases
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.20 ¥m

FIGURE 11.2: SEM micrographs of coated semi-flexible PU foam

substrate:

(a) IMC/MRC (600) (x100)
(b) PMC/(X-225/C2885) (x100)
(c) IMC/(X-220/0075/C770) (x1250)
(d) PMC/MRC (600) (x1000)
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(c)

FIGURE 11.3:

2um (d) 2Zum

SEM micrographs of coated semi-flexible PU foam
substrate:

(a) IMC/MRC (120N) (%2000)
(b) IMC/MRC (200) (x2000)
(c) IMC/MRC (200) (x10,000)
(d) PMC/MRC (120N) (x10,000)
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{ (b) A

SEM micrographs of coated rigid PU foam substrate:
(a) IMC/MRC (120N) (x100)

(b) PMC/MRC (200) (x100)

(c) IMC/(X-225/C2885) (x1000)

(d) PMC/MRC (600) (x1250)
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(a)

FIGURE 11.5:

10 um (b) S Hm

(d) 2um

SEM micrographs of coated rigid PU foam substrate:

(a)
(b)
(ec)
(d)

PMC/MRC (120N) (x2000)
IMC/MRC (200) (x2000)
IMC/MRC (120N) (x10,000)

IMC/(X-220/0075/C770) (x10,000)
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{(especially with MRC (120N) being fornulated mainly for application to
rigid substrates). This view has also been noted by Princen [369] in
blended polymers of close sclubility parameters forming uniform,
rutually dissolved films, whereas polymers with larger differences in
the parameters produced a more separated, less diffuse film. The
effect of sclubility parameters on the pull-off adhesion test results
of IMC and PMC systems (see Sections 12.2.1 and 12.2.3) also

camplements these findings.

c) For RIM PU substrates

Figures 11.6 and 11.7 show the micrographs for IMC and PMC samples of
RIM PU substrates. Various magnifications were employed and it was
decided that the range of 100 to 1000 magnification would best suit
these systems. At low magnifications (e.g. at 100X) the typical
micrographs shown in Figures 11.6(a) and 11.6(b) revealed very diffuse
interfaces and this effect was coomon for both 1 and 2 pack ocoatings
of both IMC and PMC samples.

Scme interesting observations shown in Figures 11.6(c) and 11.6(4)
were made cn the samples that had already been subjected to some
stress in a tensile adhesion puli-off test. With one pack coatings
same failure, particularly at or near the interfacial region between
substrate and ccating were clearly observed. This effect was shown for
both IMC and PMC samples. Although in most cases the failure was a
mixed type between substrate and the coating, the ochesive failure
within coating and mixed failure between coating amd adhesive were
also cobserved. A typical example is shown in Figure 11.7(a).

The micrographs for two pack PU coating at higher magnifications (e.g.
500 to 1200X) shown in Figures 11.7(b) and 11.7(c) demonstrated some
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200 pm (b) | 200 pym {

FIGURE 11.6: SEM micrographs of coated PU-RIM substrate:

(a) IMC/(X-226/C2885) (x100)
(b) PMC/(X-220/0075/C770) (x100)
(c) IMC/(X-226/C2885) (%200)
(d) PMC/(X-225/C2885) (x200)
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(c)

FIGURE 11.7:

SEM micrographs of coated PU-RIM substrate:

(a)
(b)
(c)
(d)

IMC/MRC (120N)

PMC/ (X-220/Q075/C770)
IMC/(X-220/C075/C770)
IMC/(X-220/C075/C770)

300

(%x200)
(x500)
(x500)
(x1250)



differences to those of one pack systems. Both IMC and PMC samples
revealed a more diffuse (especially with IMC samples) interfacial
region. This diffuse boundary of the interface also shown in Figure
11.7(d) may suggest diffusion of the mating surfaces (see EDX results
and discussion}).

SEM Results of Polyester Substrates L

Figures 11.8 to 11.11 show typical SEM micrographs of coated polyester
substrates.

Some typical results of coated Cpgg Substrate shown in Figures 11.8(a)
to 11.8(d) of the iInterfacial region revealed both diffuse and sharp
boundaries between coating and the substrate. The effect of coating
type and coating process was not easily distinguished. The exception
to this was with IMC samples of C,qgg substrate being coated with the
two pack PU coating shown in Figure 11.8(a), where all SEM micrographs
revealed a very diffuse interface.

Figures 11.9(a) to 11.9(d) show typical SEM micrographs of coated C,gg
substrate. A systematic variation between different systems was not
recognised. Although a mmber of diffuse interfaces were observed with
marny IMC samples, in most cases it was not a continmuocus effect.

Figure 11.9{d) showed a particular problem with PMC samples of 0198
polyester coated with one pack PU coating MRC (120N). It illustrated
a few distinct boundaries with several breaks in the interface. In
explanation, the discontinuous layers of coating are showing a
repeated painting application due to difficulties in properly wetting
the substrate.
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Figures 11.10(a) to 11.10(d) show typical SEM results of coated Cjqq
substrate. Both diffuse and sharp interfaces were observed. A
systematic variation between different types of coatings was not
observed. The damage produced by microtoming was seen in many samples,
for example 11.10(a) and 11.10(b), showing ductile failure in the
paint film.

Figure 11.11 shows some examples of IMC and PMC samples of polyester
substrates after being subjected to the tensile pull-off adhesion
test. Micrographs 1l.11(a) and 11.11(b) demonstrate typicai failures
within many IMC systems. Figure 11.11(a) shows the micrograph of Cygq
coated with X-226/C2885, a ane pack ocoating. This type of failure was
also observed with Cygg and Cigg substrates coated with the same and
other one and two pack coatings. It shows a clear fallure in the
coating region and also a few areas where the substrate is begimning
to fail under the stress. Figure 11.11(b) illustrates the SEM
micrograph of Ciqg coated with two pack PU, X-220/C075/C770 coating.
The coating shows typical cohesive failure whereas the substrate and
the interfacial region are quite intact.

The micrographs in Figures 11.11(c) and 11.11(d) are showing failures
of PMC samples of Cygg and Cygg substrates ocoated with MRC (120N) and
X-225/C2885 coating respectively. These two types of failure were also
observed with same of the C,gg coated surfaces. Although it may be
argued that some minor mixed failure between substrate and coating is
evident, the majority of cases showed a very pronounced clear cut
failure between the two phases. Hence, these are regarded as typical
interfacial failures for coated polyester substrates. It must be
emphasised that generally IMC and PMC samples showed wvery similar
visual appearances (i.e. with the naked eye) and it was only with the
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(a) I—M———{ (b) 100 ym

(c) wLE (d) | 100um

FIGURE 11.8: SEM micrographs of coated C,qg polyester substrate:
(a) IMC/(X-220/C075/C770) (x200)

(b) PMC/(X-226/C2885) (x200)
(c) IMC/MRC (120N) (%x200)
(d) PMC/(X-225/C2885) (%x200)
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FIGURE 11.9:

SEM micrographs of coated C,gg

(a)
(b)
(c)
(d)

IMC/(X-225/C2885)
IMC/(X-220/0075/C770)
PMC/(X-226/C2885)
PMC/MRC (120N)
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polyester substrate:
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(x200)
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(a) e

(C) 40 U

FIGURE 11.10: SEM micrographs of coated Ci09

(a)
(b)
(c)
(d)

IMC/(X-220/0075/C770)
IMC/(X-225/C2885)
PMC/(X-226,/C2885)
PMC/(X-225/C2885)
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(b) z 40 Lm

(d) 40 um

polyester substrate:
(x500)
(x500)
(x3500)
(%x500)



(a)

FIGURE 11.11:

16 um

SEM micrographs of coated polyester substrates after
adhesion pull-off test:

(a) IMC C,qq/(X-226/C2885) (x1250)
(b) IMC C,qg/(X-220/C075/C770)  (x1250)
(c) PMC C;gq/MRC (120N) (x1250)
(d) PMC Cpqg/(X-225/C2885) (x1250)
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aid of SEM micrographs that more detalled information on interfacial
bonding (i.e. adhesion and compatibility) was revealed.

SEM Results of Coated PU Spray Foam

Figures 11.12 and 11.13 show the SEM micrographs for one pack coating
(Futura-Thane 5000) designed for "heavy build" (i.e. thick coating
resulting fram a single spray pass) on spray grade PU rigid foam
(Isofoam SS-0658).

The SEM results of rigid foam coated within the first hour of
production are shown in Figures 1ll.12(a) to 11.12(d). The micrographs
shown in Figures 11.13(a) to 11.13(d) are representing those systems
for which the substrate has been subjected to some deliberate
conditions and treatment (i.e. ageing, temperature and humidity)
before the coating is applied. Different magnifications were tried.
However, even at 50X magnification the aeration in the coating and at
the interface for most of the systems is clearly visible on top of the
closed cell foam. The air traps at or near the coating/substrate
interface suggest potential weakness in the structure. Air-trapping
may be attributed to the relatively high viscosity, high solids
coating used to give 0.5 to 1.5 mm dry thickness in a single pass
(c.f. low viscosity IMC and PMC coatings at 5 to 40 um) [314]. There
is o systematic variation found between different systems. However,
the samples coated in early stages of foam production shown in Figure
11.12 revealed a more diffuse interface than those coated at a much
later stage as shown in Figure 11.13. This may be due to a change in
substrate topography as well as the possibility of some free
isocyanate being present in the early stages. Discontinuity and air
traps at the interface particularly wvisible in Figures 11.13(b) to
11.13(d) are likely to make initiation of delamination easier. This
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FIGURE 11.12:

SEM micrographs of coated PU spray
various coating conditions (x50):

(a)
(b)
(c)
(d)

+ 30 sec
+ 30 min
+ 45 min
+ 60 min
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FIGURE 11.13:

. 400 um (d) : 400L1m|

SEM micrographs of coated PU spray foam substrate at
various coating conditions (x50):
(a) 24 hr (outdoor)

-+

(b) + 48 hr (indoor)
(c) + 3 day (indoor) + 3 day (outdoor)
(d) + 20 day (indoor) + 3 day (outdoor)
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cbservation further explains some differences in mechanical properties
already mentioned in tensile pull-off adhesion (see Section 9.2.5) and
impact (see Section 9.3.4) of the coated samples.

EDX Results and Discussion

The EDX technique was basically applied in comnection with SEM studies
of coated systems and was meant only as a complementary tool to
provide more information about the nature of interfacial regions. The
EDX results are shown in Figures 11.14 to 11.16. For the majority of
the PMC systems the elemental analysis of the substrate, coating and
interface by EDX did nmot reveal any significant systematic wvariation
between different regions (i.e. each layer was showing its own
elemental characteristic unaffected by those of neighbouring regions).
This in part may be due to the close similarities in chemical
structure/formulation of the substrate and coating (i.e. for PU/PU
systems). It may also be argued that the nature and the shape of the
interface in many cases made it difficult for a reliable investigation
to be carried ocut. Consequently, the results reported are reflecting
only those systems where a rnumber of analyses at different regions
showed good agreement. This proved to be only applicable to some IMC
systems.

Figures 11.14 and 11.15 show the elemental analysis of IMC samples of
semi-flexible PU foam with two pack MRC (200) and one pack MRC (600)
coatings respectively. Both interfacial regions revealed the presence
of elements belonging to substrate and coating materials.  Figure
11.16 shows the EDX results of IMC sanples of RIM PU coated with a two
pack acrylic/urethane coating (X-220/C075/C770). Again, the interface
is acting as a transitional layer between the adjacent regions.
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FIGURE 11.14: EDX elemental analysis of in-mould coated semi-flexible
PU foam substrate with 2 pack MRC (200) coating
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FIGURE 11.15: EDX elemental analysis of in-mould coated semi-flexible
PU foam substrate with 1 pack MRC {(800) coating
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FIGURE 11.16: EDX elemental analysis of in-mould coated RIM-PU
substrate with 2 pack (X-220/0075/C770) coating
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The EDX analysis results enforce the view already established by SEM
micrographs of IMC samples of semi-flexible and RIM PU substrates (see

11.5(a) and 11.5(c) micrographs) that the very diffuse interfaces
ooserved with these systems is the result of diffusion between the

mating surfaces.
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CHAPTER 12
DISCUSSION

12.1 INTRODUCTION

The results obtained fram a number of tests on IMC and PMC samples of
polyurethane and polyester substrates have been presented and briefly
discussed in Chapters 8 to 11 inclusive. Within this chapter it is
hoped to draw together various results, examine their inter-
relationships and develop an overall thesis of the adhesion phenaomena
related to PU surface coating on PU substrate.

The structure of this Chapter is as follows: the first section
discusses the results in more detail and examines the possible
interrelations between the different parameters immolved. The second
section proposes a mmber of scenarios for the interfacial interaction
of a coating on a polymer substrate.

12.2 DISCUSSION

12.2.1 General Discussion on IMC and PMC Performances

The influence of a mumber of parameters on the performance of IMC and
PMC samples has been mentioned throughout this thesis. A more
detailed discussion is given in this section.

1. The Gibb's free energy equation stated as [370,371]:

AG = AH - TAS

315



where AG is the free energy of mixing, M is the enthalpy of
mixing and TAS is the product of temperature and entxopy of
mixing, may be applied to the IMC and PMC systems studied in this
research. As a result, it may be argued that in substrate/
ooating interactions, as temperature increases, so does the value
of AG, provided AH is small. Therefore if any mixing is to take
place, the enthalpy of mixing must be small. Furthermore, aH
has been shown to relate the properties of the camponents by the
thermodynamic equation [372]:

BH = V (85 - 8g)2 ¢p0p

where Vi is total molar volume of mixing and ¢ is volume fraction
of each compdnent (all difficult to establish). As already
discussed in Section 9.2.5, when the solubility parameters of
substrate and coating (i.e. 8 and 6B) are similar (a more
favourable condition for the IMC process) then AH is small and
the chances of mixing and compatibility are increased. It can
further be concluded that due to the abowve reasoning, for PU and
polyester substrates in-mould coated with chemdcally similar
coating materials, the higher temperature of the IMC process
results in a more negative AG wvalue, creating conditions for

The above view emphasising the importance of temperature on
establishing a stronger interfacial region is a fundamental
argument in favour of the theory of diffusicon, where some
mobility of phases is assumed (see Section 4.2.4). In practice,
the superior mechanical and thermal results obtained by a nunber
of IMC specimens (see Chapters 9 and 10) and the SEM micrographs
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shown in Chapter 11, where a diffuse interfacial layer is
indicating more penetration and better mixing, are believed to be
partly due to an increase in the tenperature of the processing
campared to those of corresponding PMC samples. It can be said
that the temperature rise in the IMC process has in effect
increased the thermal motion of molecules in substrate
formulation. This in turn accelerates the rate of diffusive
penetration. It can further be argued that the temperature rise
in IMC may be associated with increased desorption of physically
adsorbed species. A temperature increase will decrease packing
of such adsorbed films, raising the critical surface tension of
the system and thus causing s to decrease. This is contrary to
the PMC process where traces of mould release andd cother adsorbed
materials have made the wetting and spreading conditions more
difficult.

It can also be said that in general an increase in adhesion
properties of IMC samples is partly related to the effect of
temperature on the equilibrium contact angle. This can be shown
by the linear relationship between the surface tension, Yry- Of
organic liquids (i.e. solvents in the paint formulation) and the
temperature, T [373]. An increase in temperature decreases Y yy;,
therefore:

YLV=a—bT (1)

The contact angle measurements (see Chapters 5 and 8) indicates a
relationship between Cos® (or Cos? 6/2) and vy
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Combining equations (1) and (2):
Cosg = (c-ad) + bar (3)

When the surface composition of the solid is constant, a, b, ¢
and d are all positive. Equation (3) shows that Cost increases
(or ¢ decreases) with increasing temperature which is borme out
in practice. The effect of temperature on improving the
wettability (smaller ¢) in IMC is another factor emphasising the
importance of diffusion theory in this research.

It has already been discussed in Chapter 9 that the solubility
parameters of substrate and coating (i.e. 8 a and GB) can
influence the interaction parameter, Xan- of IMC and PMC
processes. Further to this view, it may be added that a more
favourable situation for solubility is achieved when the
similarities in the structural/chemical formulations of the two
systems are increased. It has been established [374] that, with
Xpp and Xgp as the interaction parameters of a system, a
relationship such as:

X = (G2) ¥

exist, where Vp and Vo are the molar volumes of substrates and
coating respectively.

Frcm the above argument and the effect of temperature already
discussed in the previcus section, it may be concluded that Va
andVBarecloserfothtlantllecorrespoaﬂirngbdc. Therefore
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the interaction parameters for IMC are more similar and in effect
the campatibility is maximised. Furthermore, it may be argued
that interfacial region formation for the IMC and PMC systems are
different since solubility values for substrate ingredients in an
IMC process and those for coatings applied in the PMC process are
different.

Similar means have been shown by a number of reports [375]
investigating the effect of physical and chemical factors upon
the solubility parameter of many polymeric systems. It is clear
from this data that interfacial tension and the solubility
parameters of such systems are related. For this research it may
be argued that matching the solubility parameters of substrate
and coating materials (a more pronounced factor with IMC PU
systems) has minimised the interfacial tension which in effect
has increased the driving force for wetting and has resulted in
stronger adhesive strength.

Furthermore, it can be shown that the relative molecular
structure and viscosity of substrate and coating are different in
MC and PMC processes. In an IMC cycle, substrate formulation in
a ligquid state is in contact with a freshly prepared coating
(i.e. having a chemically and physically active surface) whereas
for PMC, 1liquid paint resin in solvent is sprayed on a less
active solid substrate. It has been shown [376,377] that the
viscosity of polymeric materials is strongly dependent on
temperature, polymer concentration, solvent viscosity and
molecular weight of polymers. Voyutskii et al [149,152] have
presented sane data and suggested that adhesion increases with
the decrease in molecular weight. Wu [378] has shown that the
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diffusion coefficient decreases with increasing molecular weight.
Both observations logically suggest small molecules are more
mobile than large ones respectively leading to better diffusion.
Diffusion coefficient of oligomers and polymers have been
measured and found to be of the order of 10713 to 10717 om?/sec,
therefore indicating that =mall but significant interdiffusion
across the interfacial thickness of 10 to 1000;Lcanoccurwiﬂlin
minutes to hours.

It can also be added that shape/configuration of substrate and
coating molecules has possibly affected the adhesive strength. We
can say that reduced adhesion properties of IMC samples of PU and
polyester substrates coated with (X-226/C2885) is partly due to
the bulky side groups (i.e. vinyls) reducing the diffusibility.
Similar views have been shown by others [152,379] indicating that
the presence of short bulky side chains in a macromolecule has an
adverse effect on polymer adhesion whereas sufficiently long side
groups may play the role of individual chains and diffuse into
the substrate.

From the above argument, it is clear that viscosity and molecular
differences in IMC and PMC systems in this research and their
effect on adhesion properties of coated samples is best explained
by the diffusion theory: the lower viscosity, the absence of
bulky side groups, and the decrease of the dimensions of the
molecules promote an increase in the flexibility, mobility, and
diffusibility of molecular chains and a consequent increase in
adhesion.
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The ageing of PU, polyester and spray PU foam substrates affected
by WB layers and the adverse environmental conditions clearly
showed inferior adhesion properties with a number .of PMC sanples
compared to those of freshly made PMC and IMC specimens. In order
to further develop this observation, the ageing of IMC paint
surfaces was examined by Fourier transform infra-red spectrametry
(FT-IR), using a reflectance technique. Th_e technique for
following rapid loss or gain of certain constitvent groups by FT-
IR is novel, but has considerable advantage over normal IR
spectrametry e.g. for isolating -N=C=0 fram urethane or urea
groups {314]. The results with a flexible fully reacted polyether
PU coating shown in Figure 8.18 (see Section 8.3.2), was found to
contain free -N=C=0 at low levels in the wet film and was present
up to five minutes after the film had became touch-dry at 20°C.
Since this was also associated with carbon dioxide detectable to
the same time, isocyanate loss in ageing was thought due to
atmospheric moisture attack although other hypotheses suggest
themselves., It is presumed the isocyanate group is associated
with chain ends, particularly of oligomeric material,
disappearing after five mimstes by intermal adsorption (i.e. as
cohesive strength develops in the f£film). This indicates two
important points. First, the IMC surface is chemically as well
as physically active, further promoting wetting and spreading.
Second, there is potential for chemisorptive as well as
adsorptive bonding, if the two mating surfaces can be bhrought
together. This may help to explain the excellent adhesive bonding
in some one pack IMCs for PUs (e.g. X-225/C2885 coating and PU
RIM substrate). However the best adhesion properties are
observed with two pack coatings (e.g. X-220/0075/C770). Ganster
and Knipp [380] have used IR spectrometry to study the relative
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reduction in residual isocyanate groups at the PU surfaces as a
function of time and hence establish the conditions necessary for
demoulding without release agent. They have shown that due to
denser chamical crosslinking of rigid mouldings, these surfaces
can soon attain a molecular weight high encugh to allow easy
demoulding. In the case of linearly structured flexible PUs (i.e.
having a lower degree of crosslinking) however, a measurable
pﬁtgrmticn of -N=C=0 groups at the surface have not undergone
camplete reaction (i.e. same low molecular polymer constituents
still present at the surface) and therefore demoulding without
release agent is rot possible. The adhesive bonding results are

presented in Chapter 9 and a detalled discussion is presented in
Section 12.2.3.

The above view has also been stated by Wu [381] and others [382],
expressing the increase in adhesive strength with respect to the
functional groups present in the system as:

£=f,+ k"

where f is the adhesive strength when the concentration of
functicnal groups is C, £, is the adhesive strength when the
functional group is absent, and K and n are positive constants.

The above relationship may serve as a guideline but it camnot be
generalised because of its shortcamings. First, the parameter K
does not take into account all the external and internal factors
influencing the adhesion properties of IMC and PMC samples.
Secarndd, the relationship carmot be true for all cases since it
does not take into account the limit of excessive amounts of
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functional groups which can safely be introduced into the system
without decreasing the adhesive strength. It may be argued that
although some isocyanate groups on the coating surface will
pramote adhesion to polar substrates (i.e. PU and polyester), the
introduction ©of excess free -N=C=0 can drastically change the
bulk properties of the coating and subsequent decrease in
interfacial strength.

As already pointed cut in Chapter 4, in order for substrate and
coating materials to make a strong interfacial region, their real
areas of contact need to be increased (i.e. the two surfaces
approach each other and are ultimately held apart by contact of
their surface irregularities). This means that substrate or
coating or both of them must be made to conform better to the
surface roughness of the cother. This implies in a practical
sense, that one of the materials should be fluid when placed in
contact with the other. Although these outlined requirements are
met in both the IMC and PMC processes, their results presented in
preceding chapters showed variations normally with IMCs showing
superiority. This can be explained due to the processing
conditions involved. For PMCs the coating material sprayed on PU
or polyester solid surfaces are making a number of microbridges
on these substrates and trapping air bubbles (see Section
12.2.5). As a result, little penetration into the surface
roughness of the substrate (more pronounced with aged substrates)
is possible and hence stress concentrations due to contact angles
larger than zerc are produced (see Section 12.2.2). In contrast,
the conditions for IMCs are different since the spontaneous
spread of substrate ingredients in a fluid mobile state over a

layer of freshly made paint in a heated mould increases the
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interfacial area of contact. The reason is that a more camplete
flow into the micro irregqularities of the coating surface
displaces the air traps and also any contamination more
satisfactorily. It can be presumed that the zero or very low
contact angle due to camplete spreading reduces and minimises the

areas of stress concentrations.

It can be concluded that in the IMC process, the effect of
spontanecus spreading is two fold: the real area of contact is
increased and the areas of stress concentration is minimised.

Following the previous discussion, it seems appropriate to study
the effect of friction on the adhesion properties of IMC and PMC
samples. By definition, friction is the resistance to motion
which exists when an object is moved tangentially with respect to
the surface of another which it touches. The frictional force F
is proportional to the nommal force L, that is: F = fL, where f
is defined as the coefficient of friction. It has been shown that
a number of factors such as surface quality, traces of

cantamination, pressure, temperature and others will affect the
coefficient of friction [383,384].

The friction and adhesion may be connected by considering that
friction is the shear strength of boundaries formed at the
regions of real contact, whereas adhesion is the tensile
strength. Generally, materials that give a low coefficient of
friction give poor adhesion and subsequently high friction
materials give, in principle, a strong adhesion.

324



The parameters affecting friction mentioned above are basically
those which are influencing the adhesion properties of coated PU
and polyester substrates. With smooth surfaces (e.g. idealised
IMC surfaces), the friction tends to be low because the real area
of contact grows excessively, whereas with very rough surfaces
(e.g. spray PU foam substrate affected by adverse envircnmental
conditions), the friction is high because of the need to 1lift ane
surface over the irregularities on the cther. This means that for
IMC systems a lower friction (i.e. a high coefficient of
friction) results in an increase in wettability (i.e. improwved
YC) vwhereas for PMCs a higher friction (i.e. a low coefficient of
friction) results in a decrease in wettability (i.e. reduced*(c).
A similar view has been shown by Bikales [385] in demonstrating a
direct relationship between coefficient of friction and the

critical surface tension of polymers.

12.2.2 Discussion on Thermodynamic Properties of Coated Samples
Conttact arngle and wettabllity results for PU and polyester substrates

were presented and briefly discussed in Chapter 8. This section
attempts to discuss the effect of a mmber of thermodynamic parameters
on the adhesion properties of these surfaces. A number of
relationships found between thermodynamic surface properties and other
physical and chemical factors studied in this research will also be
discussed.

The wettability results of PE and PTFE surfaces (see Section 8.1)
and their camparison with the results obtained by others showed
that the contact angle measurements are valid amd can be applied
to other polymeric surfaces. It was also shown that surface
tension test fluids (inks) gave acceptable and trustworthy
results.
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The linear equations for Cos® and Cos® 6/2 plots against ypy gave
acceptable wvalues for the critical surface tension. However in
many cases a rectilinear band providing a range of Y, values is
more beneficial resulting in more meaningful values. This is
first due to the different wetting characteristics of various
liquids e.g. polar and non-polar on PU and polyester substrates
giving scattered results but all of them satisfying the general
conditions: Yy, < Y for spreading. Second, Youry's equation
(see Section 5.7.1.1) may be presented as:

cos6 = 1SV~ YsL
' v

Therefore the wettability of a surface and the type of
relationship shown by a plot of Cosé against Y1y 1is affected by
the (st - YSL) value. Applying this argument to cur IMC and PMC
systems, it is clear that in corresponding cases, Y gy is larger
for IMC than for PMC (i.e. free or less contamination). It was
also established in preceding discussions that in gensral the IMC
process provided a better affinity between coating and substrate
materials. This in effect results in lower interfacial tension,
i.e. smaller Ygy,. Hence for similar substrate/coating
cambinations it is argued that Cos® will be larger and 6 smaller
in IMC than ocorresponding PMC. It may be concluded that as a
result better wetting and spreading conditions are expected for
IMCs which in effect is demonstrated by their overall superior
adhesion properties.
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Fram the above discussion it may be argued that the poor wetting
of some coatings associated with a number of PMC samples tends to
produce greater stress concentration at the free surface of the
substrates where failure is mainly observed. As the contact
angles become larger, the maximm stress concentration increases
and moves towards the linear boundary where the coating and
atmosphere make contact with the substrate.

The relationships between W,, S~ and Yy, were discussed in the
preceding chapter (see Section 8.2.5). It was shown in Figures
8.8 and 8.9 that for PU and polyester substrates W, and S varied
as a function of vyy; resulting in a parabolic curve with a
maximm point. Closer and more approximate values for Max W, and
Max S, and the correspanding vy, may be found by using the
quadratic equations for W, and S-o. However, it is clear that in
most cases especially with polar polyurethane surfaces, the
change in the magnitude of W, near and after reaching the maximum
value is greatly moderated by the effect of the hydrogen-bonding
action of the high surface tension liquids such as water,
glycerol, arxd formamide each of which is an effective hydrogen
dnating campound. A similar view has been ocbserved by Zisman
[386] studying a number of fluorinated polymer surfaces where
same unexpectedly larger values of W, have been attributed to
greater effectiveness in hydrogen bonding manifested by the
fluorocarbon polymers.

The above argument is further demonstrated by the relationships
found between Max Wy, vg, YgP, and v¢@ shown in Figure 12.1. It
may be stated that surface tension of FU and polyester substrates
calculated by harmonic mean and equation of state methods (see
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Chapter 5) show a direct relationship with corresponding Max Wa-
Such a relationship is not found with scattered vy g Values
calculated by the geametric mean method. Furthermore, it may be
said that polar components of surface tension, y¢P, are better
related to Max W ‘than dispersive components, vy Sd.

From the above findings it may be concluded that the effect of
hydrogen donating (i.e. polar) liquids on PU and polyester
substrates (i.e. polar surfaces) are different to those of less
polar liquids. This relates to various wettability and

consequent adhesion properties shown by different coatings (i.e.
having different pclarities) on polar PU and polyester

- substrates. These effects are best explained by diffusion theory

differentiating between adhesion properties resulting from
various levels of campcnent polarity.

Similar views to the above discussion have been shown in a number
of reports [387-389] on the effect of polarity of surfaces on
increasing their thermodynamic properties. Critical surface
tension and work of adhesion have been directly related to the
polarity (i.e. cchesive energy density) of surfaces.

Fram our discussions in the preceding sections (see 5.7.1.2 and
12.2.1) and the arguments put forward in the above, it is noted
that systems having similar wettability properties (measured by
YC) are more ccompatible (i.e. interfacial tension, Y12, 1is
reduced). this affinity between substrate and coating materials
has been shown to be affected by the temperature (see Section
12.2.1). Therefore from a thermodynamic point of view, we can

argue that temperature increase in IMC is reducing the
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interfacial tension and resulting in a closer contact. This in
effect explains the improved mechanical properties of in-mould
coated samples.

Wu [390] has shown that interfacial tensions between a number of
polymers varies over a temperature range, indicating that as
temperature is increased there is a reduction in interfacial
tension. It has also been discussed that a thermodynamic
relationship based on the temperatimre coefficient of various
regions (i.e. interfacial tension and the two corresponding

surface tensions) may exist [391]:

a d le/dT + d Y1/dT
d v,/dT + % d v,/ar

where x5 is the mole fraction of campanent 2 in the interfacial

zone .

The difficulties encountered in surface analysis of the original
and IMC and PMC samples of PU and polyester substrates in this
research (see Section 8.3) may be attributed to a number of
facts. Polymers being generally non-conducting materials will
charge up easily when treated with electrons and ions. They are
very often not UHV compatible because they cannot be baked and
usually contain additives which have high vapour pressures.
Polymers are also much more sensitive to electron and ion-induced
reactions than metals and oxides., It may also be noted that
information about chemical analysis is much more difficult in
composites rather than single polymers especially when the
polymeric phases are chemically identical.
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12.2.3 Discussion on Mechanical Properties of Coated Samples

The results obtained by the adhesion pull-off test, cross-cut hardness

and scratch hardness test, and instrumented falling weight impact

(IFWIL) test have been presented and triefly discussed in Chapter 9.

This section will attempt to discuss these results in more detail and

explain their relations with each other and other parameters studied
in this research.

1.

Substrate materials had some effect on the mechanical properties
of the joint. For PU substrates, the RIM surfaces proved to give
best performance. This indicated that surface polarity and
microcellular structure of the RIM PU surface provided a more
desirable condition for stronger bonds to be established. Due to
the very similar chemical ingredients for rigid and semi-flexible
PU substrates and common processing conditions (see Chapter 2),
these two surfaces showed similar results. Ancther reason could
be due to having similar surface polarities and hence showing the
same kind of affinity for certain coatings. Nevertheless, the
gecmetry (topography) of these surfaces is different (see
Sections 9.2.5 and 9.3.4) resulting in samewhat different modes
of failure.

Generally, the IMC samples showed superiority to PMC. Therefore
the coating processes have had some effect on the adhesion
properties. This can be explained in terms of physical and
chemical factors. The real area of contact is usually larger for
IMC than corresponding PMC and this seems a more favourable
condition for a stronger joint to be made.
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The wetting equilibrium for IMC and PMC was different because of
the gecmetry of the surfaces, the application and setting
conditions, the viscosity of the participants and the
environmental conditions. Therefore the thermodynamics of
wetting (see Chapter 5 and Section 12.2.2) influencing the extent
of interfacial/molecular contact between the substrate and
coating has been different for IMC and PMC. As a result the
adhesion properties have shown differences between the two
systems. It is worth noting that in a few selected cases where
the surface of the PU RIM specimens was deliberately not cleaned -
(i.e. either by a dry tissue or by solvent application), the
traces of mould release agent {i.e. mainly silicone based having
low surface energy values), thepresenceofadsorbeda)zand}lzo
molecules, and other contaminants resulted in PMC samples showing
very poor wettabllity and almost no adhesion affinity. It can be
argued that mould release in effect has modified the ocoefficient
of friction of substrate and hence reduced its adhesion

properties.

It can be argued that in the case of probable effect of poor
wetting the air pocket at the coating/substrate interface has
been developed. The stress failure within some of the PMC and
coated spray PU foam (especially those subjected to severe
enviroomental conditions) occurred at a relatively small applied
stress. This can be explained first because of air bubbles,
voids, and surface defects. These occurred due to stress
concentrations that are much higher than the mean stress applied
across the specimen. Rance [247] showed similar views by stating
that measured adhesion strength between substrate and coating is
normally much lower than the ideal adhesion strength because of
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flaws such as volds in the interfacial region or microcracks in
the bulk phase. These flaws provided the locus of stress
concentration so that on applying a modest stress to the
interface, the local strength in different parts of the interface
is exceeded and fracture is initiated.

S_econd, intermal stresses which are attributed to incomplete
relaxation processes, a delay in the rate of such processes due
toc unevenness of curing in the individual polymerisation, and a
temperature gradient (i.e. variation in local air and substrate
temperature) have resulted in a weaker interfacial region. Third,
the decrease in adhesion fallure is due to these surfaces being
more highly crosslinked and rich in urethane and urea linkages.
Therefore having fewer polar or hydrogen groups available for
interfacial bonding, these substrates are less reactive, less
adsorbent, and less affected by paint solvents. It can be
concluded that high orders of crosslinking has reduced the
potential for adsorptive interactions.

Typical tensile stress failure and impact peak energy results for
spray rigid PU foam that had been allowed to age to different
times and under various conditions did not show any significant
trend from the random nature of results for samples prepared
within the first hour of foam production. Further to our
discussion in Chapter 9, it can be argued that on drying the PU
paint film on newly prepared PU foams excellent cchesion strength
within the coating and strong adhesion with the substrate is
achieved. However the surfaces which had undergone prolonged
ageing gave a sharp decrease in tensile stress and seemed to
impose the worst impact resistance. In particular, the specimen

333



based on a substrate aged for six days was darkened showing
probable UV attack and that a relatively thick weak boundary
layer had been formed.

Although the ratio of adhesive strength wvalues between a mmber
of IMC and PMC samples ranging fram 15 to 40 times (see Tables
9.2 to 9.7) can be explained due to a number of processing
parameters, it is clear that such a large variation may be
interpreted as different orders of banxd energies involved in the
interfacial region. In particular, the IMC combinations of two
pack PU coatings with RIM-PU (almost impossible to delaminate)
and polyester substrates gave superior results upon a number of
PMC canbinations of one pack PU based ocoatings with semi-flexible
and rigid PU substrates. This observation points to the
importance of lengths of the molecular chains composing an
interfacial bond discussed in the preceding section (see Section
12.2.1). It can be argued that in a mmber of perfectly matched
IMC samples, the conditions for molecular contact and forming
long molecules resulted in a large number of bonds at the
interface. Therefore we can presume that a larger amount of force
(applied in tensile pull-off test) is needed since all these
boxds must be highly stressed in order to break one of them
{failure therefore is cohesive within the weaker of the two
molecules). For many PMC samples the resultant interfacial region
may be highly crosslinked and the molecular chains are short.
Therefore less force is needed since this kind of interfacial
formation is both less extensible and weaker (again ochesive
failure but contamination and high proportions of crosslinking
also exist). Similar views have been expressed by others
[392,393] reporting that the ratio of bord dissociation energies
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between covalent and Van der Waals attractions coincide with the
ratio of their adhesive strength values.

From the above discussion it may be argued that Bikerman's
shortcoming in explaining the adhesion phencmena by WBL effects
(see Section 4.2.5) is more obvious. Bikerman's wview is so
narrowly focused on one aspect of adhesion theory that he
improperly rejects the idea that molecular forces could have a
significant effect on the interfacial bond formation and
consequent breaking stress measurement. Although Bikerman is
rightly presenting a mmber of examples where the mechanical
separation never occurs along the interfacial layer, he fails to
recognise that even so the molecular forces influernce canmot be
totally disregarded. After all even if factors such as improper
wetting, surface irregularities and others are in existence In a
number of PMC systems, these are basically due to the molecular
forces being too small to allow the penetration (diffusion) of
coating or substrate into the interfacial zone.

The effect of different coating materials on the mechanical
properties results reported in Chapter 9 is not immediately
separable except for the two pack PU coating (X-220/0075/C770)
which showed superiority in almost all cambinations., It can be
argued that generally thick coatings showed poorer adhesion than
thin coatings. This effect was not directly investigated by the
adhesion pull-off test because uniform spraying was applied in
all cases producing an acceptable coating thickness. Nevertheless
same SEM micrographs (see Chapter 11) revealed that with thin
coatings a stronger bond is possibly formed. In addition, the
tensile results for spray PU foam coated with a thick elastomeric
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PU coating (1.2 0.1 mm) showed the lowest failure stress
values. This finding has also been cbserved by others [394] who
have stated that the effect of coating thickness is more
pronounced in thermosetting coatings than in thermoplastic types.
It has been shown that different wvariables (i.e. substrates,
coatings and coating processes) would have different effects on
the cross-cut hardness values of coated specimens (see Section
9.4.2.2). This finding is contrary to Bikerman's view (see
Section 9.4.2) stating that the same coating on different
substrates would give similar cross-cut hardness wvalues.
Bikerman's argument may be generally true for very thick coatings
as discussed above, but for thin coatings (i.e. < 501_Jm) and the
type of coatings used in these experiments is not valid.

In instrumented impact testing and tensile adhesion pull-off
testing, the consideration of the stress field is concentrated on
the coating layer and upper portion of the substrate. It is
noted that the measured strength of adhesion (i.e. failure
stress) is generally larger for ductile and inelastic substrates
(i.e. RIM-PU and Cxrystic polyester) than it is for more elastic
surfaces (i.e. PU foams). This observation shown also by Gent
[222], may be explained by the fact that any work expended in
stressing the composite joint up to the point of fallure is
included in the total work of detachment (failure). Therefare it
can be argued that failure stress and peak energy values of
coated PU and polyester samples are dependent on dissipative
properties of components in these systems.

Superior results (i.e. large amounts of energy absorbed prior to
fajilure) with IMC and PMC samples of RIM-PU, indicate that
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substrate and coating components do not dissipate much energy in
internal deformation processes. This suggests a strong
interfacial region. Contrary to this, the splitting caused by
impact upon the elastomeric PU coating of rigid spray PU foam
samples show that the elastic modulus of these materials affect
the deformation process (i.e. less efficient energy absorber) and

that dissipation energy is dependent on coating and foam

thicknesses (i.e. kept oonstant for all samples).

The above argument is similarly observed with tensile adhesion
measurement of a rumber of IMC and PMC systems. It is clearly
revealed that by applying a low rate of extension the required
energy for rupture is stored elastically in the bonded parts, and
that initial failure is caused by a small detached region growing
in size. Some differences observed in impact strengths of
corresponding IMC and PMC samples may be attributed to the
solvent action of coatings. A similar view has been stated by
others [87], where mould stressed areas of the parts being
attacked and revealed by the solvents was shown to give some
reduction in impact strength.

The overall effects of substrates, coatings and coating processes
upcn the mechanical testing results of coated PU and polyester
substrates reported in preceding chapters were further
investigated and are presented in Figures 12.2 to 12.5. A
generalised summary of these findings can be presented as

follows:
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(1)

Semi-flex PU < rigid PU < Clgg < 0198 < C196 < RIM-FU
MRC {120N) < X-226/C2885 < X-225/C2885 < X-220/0075/C770
MRC (600) < MRC (200)

PMC < IMC

increasing failure stress (tensile adhesion strength)

(i1)

Cigg < Cygg < Cygg < rigid PU < semi-flex PU < RIM-PU
X-226/C2885 < MRC (120N) < X-225/C1885 < X-220/C075/C770
MRC (600)< MRC (200)

mMC € IMC

increasing peak energy (impact)

(iidi)

rlgld PU < semi-flex PU < C199 < RIM-PU < 0198 < C196
MRC (120N) < X-226/C2885 < X-225/C2885 < X-220/Q075/C770
MRC (600) < MRC (200)

mC < IMC

Y

increasing c¢ross-cut hardness
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(iv)
rigid PU < semi-flex PU < Cjgg < RIM-PU < Cjgg < Cjgq
MRC (120N) < X-226/C2885 < X-225/C2885 < X-220/0075/C770
MRC (200) < MRC (600)

PMC < IMC

increasing gouge hardness

(v)
rigid PU < semi~flex PU < Cygg < Cygg < Ci9g < RIM-PU
MRC (120N) < X-226/C2885 < X-220/0075/C770 < X-225/C1885
MRC (600) € MRC (200)

PC < IMC

increasing scratch hardness

10. From the discussions in 1 to 9, changes in state of PU surfaces

can be summarised as follows:

i) For a PU moulding, spray foam, or 100% solids two pack
coating:

a) monomeric or/and oligomeric ingredients having been
mixed and placed, will react by chain extension
(foaming mechanism), crosslinking through gel state and
to higher levels of cure

b) slower cure at the surface to tack-free state
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ii)

c) adsorbed molecules altering state of active species at
surface, e.g. surface active additives migrating to
surface, hydrogen bonding between PU side groups or
chain ends or residual reactants, external
contamination (e.g. moisture or dust from atmosphere,
release agent fram a mould surface)

d) eventually aramatic isocyanate based PUs will degrade
intﬁepresenceofUVandoxygen‘bogiveastructurally
weaker zone at the surface i.e. a weak surface layer.

For a solvent based two pack ccating, a similar scheme of
change as in (i) exists. However, until the solvent
evaporates from the applied wet film of coating, the
wrethane reaction is relatively slow with residual solvent
affecting its molecular structure and limiting its cchesive
strength.

For a solvent based one pack fully reacted coating (i.e. a

full PU in solution):

a) initially the polymer is in a solvated, swollen
molecular state

b) as solvent evaporates from the applied wet film,
polymer chains move together and intermolecular
attraction increases with internal adsorptive action,
with development of the cohesive strength of the drying
film. Solvent diffusion out of the body of the film
escaping through the film's surface i.e. the surface is
the last part of film free of sclvent

c) a solvent-free surface will be exposed which is active
to polar and dispersive interactions, either from a
second surface or contaminations.
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As a PU surface ages, its activity must inevitably lessen and
subsequently any bond formed will be relatively weak. The rate of
change of a free surface must be dependent on its chemistry, and the
phiysical and chemical state of its enwvironment.

12.2.4 Discussion on Thermal Properties of Coated Samples

The results obtained by DSC and DMIA carried out on IMC and PMC
samples of polyurethane and polyester substrates were presented and
briefly discussed in Chapter 10. This section attempts to discuss the
thermal properties results in more detail.

It may be argued that the differences in thermal properties of
IMC and PMC samples are due to any mechanical, physical and
chemical changes brought about during the production of these
systems. It is clear that factors such as availabllity of free

radicals, chemical affinity, processing temperature, ageing of
the substrate and other effects detailed in the preceding

sections have influenced the interfacial formation of coated
systems and that subsequently has affected their transition
temperatures. A similar view has been stated by Roller [395]
that factors such as interchain stiffness, intermolecular polar
forces, and camonomer compatibility, can affect the size of the
transition region, and therefore, the behaviour of polymers.
Nielsen and others [395-397] have also shown that the levels of
crosslinking in thermosets affects the magnitude of accompanying
physical changes and the temperature range of the glass
transition. With increasing degrees of crosslinking, the
relaxation peaks due to Tg in dynamic mechanical tests occur at
higher temperatures, their intensities are lower and the peaks
are broader.
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From the above discussion it may be added that both DSC and DMTA
results for PMC samples (especially those affected by adverse
envirommental conditions) show lower transition temperatures than
corresponding IMCs. This is believed to be due to changes in
surface polarity (i.e. urethane ard urea linkages formation in
humid conditions). Polar polymers such as polyamide substrates
and epoxy thermoset coatings have been shown to absorb moisture
and the appearance of relaxation peaks are therefore changed
[397]. It has also been stated that in DMIA, Tg measured for
vinyl based coatings are found to decrease with decreasing levels
of hydrogen bonding [352].

It can be pointed ocut that the effect of polarity or ocohesive
energy density upon wettability and consequent adhesive strength
discussed in preceding sections i1s also shown in the thermal
energy difference of these systems. This increase in Tg may be
explained in terms of the reduced expansion of a polymeric System
with strong intermolecular attractions. It has been shown [398]
that upon heating, the required fractional free volume for Tg to
occur is achieved at an elevated temperature.

It may be argued that preparation of coating films and their
affinity for certain substrates can have a significant effect on
the morphology of the interfacial region. It is clear from the
DMTA results of coated PU and polyester substrates that due to
the effect of interfacial orientation tan é observed by PMC
samples resembles that of corresponding free films. This is
contrary to the results obtained for IMCs (particularly with RIM-
PU coated with two pack PU coating). A similar wview has been
expressed by many authors [399-401] stating that preparation of a
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polymer film by evaporation of a solvent from a solution on a
substrate results in arientation of the molecular chain segments
near the solid interface.

12.2.5 Discussion on SEM and EDX Studies of Coated Samples

The scanning electron microscopy and X-ray microanalysis results of

coated polyurethane and pclyester substrates were presented and
briefly discussed in Chapter 11. This section attempts to further
discuss the informaticon already obtained from SEM/EDX studies of the

interfacial region and the types of locus of failure occurring and
tries to relate these findings to measured mechanical properties of
corresponding coated samples.

The interface between substrates and coating shown in SEM
micrographs (see Figures 11.2(a), 11.2(c), 11.3(b), 11.3(c),
11.4(a), 11.5(c), 11.5(d), 1l1l.6(a), 11.7(c), 11.7(d), 11.8(a),
11.11(b)) appear as a diffusive layer in which some penetration
fraom one phase to the other, indicating an intermixing of the two
camponents in the interfacial zone, is observed. This observation
isminforced by EDX analysis of IMC samples where the penetration
of elements from substrate and coating into the interfacial
region and diffusing into the first few microns of the adjacent
layers is detected.

It may be pointed out that the porosity of these surfaces
(especially the microcellular structure of RIM) are providing a
mechanical keying and also the possible presence of unreacted
isocyanate groups (especially with the IMC process) on the
surface enables some form of chemical interaction. Shutov et al

[365] have expressed similar wviews on SEM studies of cell
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morphology of PU based foams. They showed that macrocells (size
up to 1 nm) are of some aid in mechanical interlocking but the
most useful structures are microcells beirnygg less than 1 micron in
size.

It may further be added that saome partial solubility between
chemically similar coating and substxrate (see Section 12.2.1)
resulted in diffusion and conseqﬁent molecular entanglement
across the interface. We may argue that the development of
adhesion between substrate and coating by a diffusional mechanism
{(i.e. potential for molecular penetration) resulted in a strong
interface irrespective of the type of molecular interactions
involved.

With IMC prepared PU foam mouldings where the surface air traps
are formed, it was observed that the coating adhered campletely
at the line of the trapped air bubbles and no clean interfacial
delamination could be achieved. The tensile adhesion failure
results associated with these systems showed either superiority
(particularly with RIM gspecimens) and/or revealed traces of
coating or substrate on the other phase. The peak energy values
for these samples were also high. These observations detailed in
the preceding section and also the SEM micrographs (revealing
apparent intimacy of surfaces) and EDX analysis of these samples,
suggested sane possible chemical interaction at the interface.

In a similar manner to the above observation, the SEM and EDX
results for a number of PMC samples of PU and polyester
substrates (see Figures 11.2(b), 11.2(4d), 11l.4(b), 11.4(4d),
11.6(b), 11.7(b), 11.10(c)) were examined. It is clear that the
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cellular structure of foam samples provided ideal conditions for
mechanical interlocking to take place. It may also be argued that
with paints having adequate viscosity and surface tension for PMC
application the surface imperfections were adequately covered and
substrates more completely wet ocut. The interfacial area and its
adjacent neighbouring system showm in Figure 11.7(b) suggested
sane penetration of paint resin molecules in the substrate's
matrix. This can be explained by solvent action of the two pack
PU coating on the surface layer of the substrate and the eventual
evaporaticon loss of solvent.

The above argument is supported by the consequent high mechanical
strength values reported on these systems and indicates a strong
interface. It may be concluded that the differences between IMC
and PMC samples shown above are largely due to the processing
effects such as temperature and viscosity discussed in preceding
sections. Similar views have been shown by Heskkula et al [402]
studying the diffusion of some miscible polymers in multilayer
films. Although at room temperature sharp boundaries between the
canponents of these structures were formed, heating the films
provided mobility that allowed interdiffusion of systems. The
extent of this diffusion depended on the value of the mutual
diffusion coefficient and the time at the heat treatment

temperature.

It may be argued that sharp interfaces observed by SEM
micrographs of IMC and PMC PU and polyester substrates coated
with one pack PU coatings (see Figures 11.6(c), 11.6(d), 11.8(c),
11.8(d), 11.9(d), 11.11(c), 11.11(d)) are indicating less
campatibility, inadequate wetting, and even the possible presence
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of WB layers on these surfaces. This type of interface is in
effect formed by mechanical interlocking of porous surfaces where
limited dispersion molecular forces are the only interaction
forces present. It is clear that for IMC samples, the SEM section
across the interface showed no evidence of woilding. This shows
that wetting and spreading was an imposed mechanical rather than
physical type. It is presumed that with PMCs, the presence of
voids and cracks in the interfacial region as well as in the body
of the coating or substrate provide points of stress
cancentration. The relatively low adhesion strength (with no or
very little residue left on either phase) and also inferior
impact failure values observed by these samples is indicating a
weak interface and reflects on their small viscoelastic
dissipation energies. This is additional evidence supporting the
SEM results of these samples.

The SEM results for spray PU rigid foam coated with one pack PU
based elastomeric coatings were discussed in Chapter 11. It may
be added that microscopic observation of the fracture surfaces
did not reveal any real differences in their interfacial areas.
An exception to this was seen with two extreme cases of either
very early application of coating (i.e. within minutes of the
substrate foam production) or with the oocating being applied
after the PU foam was left for a considerable time under severe
environmental conditions. This can be explained due to the
possible presence of free -N=C=0 in the early stages and
formation of less reactive, more crosslinked structure of

surfaces after being subjected to adverse conditions.
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12.3 PROPOSED SCENARIOS FOR CHANGE IN STATE OF INTERFACES

From the experimental observations made in the laboratory and
production and the discussions ocutlined above, a mumber of scenarios
for the interfacial interaction of a coating on a polymer substrate
may be proposed:

i) wetting and spreading should be expected to cccur if the correct
canbination of surface energetics in substrate and coating (i.e.
formulations choice), can be brought together under desirable
process conditions. The resulting maximm area of contact between
the surfaces, whilst minimising stress concentrations create the
correct enviromment to maximise interfacial bonding and hence

good adhesive strengths.

However, the cohesive forces within a liquid (measured as
viscosity), may limit the degree of spreading on a substrate.
With reduced area of wetting, more material may have to be
employed to achieve uniform coverage, increasing the risk of air
entrapment at the interface. If possible paint thimners must be
selected to reduce the carrier resin's viscosity, whilst having a
positive effect on the resulting coating's surface free energy,
i.e. to increase its potential to spread over and intc the
surface imperfections of the solid. Similarly, the fornulation
of a 100% solids coating must be tailored to produce good wetting
of substrates. In either case surfactants may be employed as
'flow aids to help wetting', but it is important these materials
do not give rise to weak boundary layer effects. Altematively
process conditions must be provided to promote mechanically
Having achieved uniform coverage, the wet coating should have the
physim-chemical potential to maximise interfacial bonding.
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ii)

iv)

interfacial bonding by adsorptive mechanisms will occur if the

two molecular structures of surfaces are close enough (at 10 to
30R), for atomic interactions. With PU systems there will be an
expectation for dispersive force and polar-polar interaction.
Further, if free isocyanate and hydroxyl groups are present
there is also the potential for chemisorptive bonding. In
increasing order of desirability for bond strength and

resistance to ageing: dispersive < polar-polar < covalent

borxding.,

roughening of a surface produces increased real surface area:
this increases the potential for mechanical interlocking between
coating and substrate. To separate such joined surfaces means
that more work has to be done to overcame the friction and
interlocking networks at the interface. Abrasive treatment of
PUs and to a limited extent vapour or solvent wash degreasing

may increase the real area of a surface. However, cutting
through skin into the cellular structure of a foam has

disadvantages.

diffusion may arise, due to the action of paint thinners
solvating the surface layer of the substrate. As most paint
films are thin and volatiles loss is rapid, solvent attack on
the substrate may be limited. Even so, with limited swelling of
the substrate's surface layer, there is a possibility for
molecules of the paint resin binder to diffuse into it.
Following evaporative loss of solvent, paint resin molecules
will remain entangled in the substrate's matrix. The more mobile
oligomer molecules (i.e. in 2-pack systems), are more likely to
be involved in diffusion mechanisms ..
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v) several potential weak boundary layer effects should be avoided
in coated PU systems:

a)

b)

c)

d)

e)

f)

g)

external release agent left on the surface, or internal
release agent migrating to the surface of a moulded
substrate;

other mobile additives migrating to the surface of a moulded

substrate, having peoor campatibility with PU and relatively
low molecular weight;

adsorbed atmospheric moisture on the surface molecular layers
as a surface ages;

oxidised/UV degraded PU at the surface which will give a weak
cohesive layer in the finished (coated) product;

certain polar solvents used as thinners, being more mobile
than the PU paint resins will form preferential polar bonds

at an interface;

thinners action releasing surface active reagents from the
substrate;

non-volatile but mobile surface active materials in the

coating.

Removal of boundary layer materials can be carried out in several ways

for PU substrates, including vapour degreasing, washing with solwvent,
treatment with abrasive or plasma.
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CHAFTER 13
OONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

13.1 INTRODUCTION

The structure of this Chapter is as follows: the first section brings
together a number of points which emerge from the abowve chapters. The
second section gives some suggestions for further work.

13.2 OONCLUSIONS

Based on tests, observations and interfacial theories, and discussions

detailed in the preceding chapters, a mmber of conclusions may be

presented. These include:

1. Considerable potential for dispersive forces in bonding.

2. Considerable potential for polar bonding, e.g. between two
adjacent urethane groups, other N-H containing groups with

urethane, urea, etc, or unreacted hydroxyl groups.

3. Same potential for chemisorptive bonding if free isocyanate and
hydroxyl are present on both surfaces.

4. Paint solvents may carry paint resin into the substrate's surface

layer by diffusion mechanisms, even during the short drying and
curing period of a paint.

354



High critical surface energy of PU and polyester substrates
should encourage wetting and spreading of a broader range of
surface coating types, over most topographies of substrate
surfaces. However, the cohesive forces in the paint may limit the
degree of spreading and area of wetting. Thinness dilution aor
mechanically imposed wetting of high wviscosity ocoatings will
minimise voiding at an interface. This will reduce surface
tension and viscosity and in effect will increase its potential
to flow over and into the surface imperfections of the solid.

Moulding forces invelved in the IMC process are likely to
encourage near camplete wetting of the maximumm area of paint film
by liquid moulding ingredients. The potential of interfacial
bonding by the phenomena listed above will be maximised, while
boundary layer effects may be expected to be minimised.

The potential for good adhesive properties will lessen as an
active surface ages. Ageing rates will be dependent on the
chemical and physical properties of the substrate and its

envircnment.

The mechanical and thermal properties of coated substrates are
influenced to same extent by the thermal and mechanical history
inuced during processing. In other words, the exact state of
chain interaction during processing will influence the properties
of the solidified material.

The maximum ocontact area between coating and substrate will tend
to increase total adhesive strergyth, since in part the potential
for adsorptive and chemisorptive interaction is increased.
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10. Keeping the molecular weight of the components maintained below a
certain size, while being free of bulky side groups, is likely to
encourage penetration into the adjacent phases by diffusion.

11. Any local increase in stress level, which would be the
consequence of a stress concentration, may considerably exceed
the average stress on which the coated polymer is processed,
leading to failure even at a fairly low intensity of mechanical
loading.

12, A proposed model based on surface tension of the testing liquids
and corresponding contact angles formed on a solid surface (i.e.
Y[y Telationship with Cos? 6/2) gives direct measurements of a
number of thermodynamic parameters.

13. The identification of the relaxation transitions (temperatures)
exhibited by substrate and coating components in variocus IMC and
PMC coated systems provides the starting point for interpretation

and improvement of the interfacial/adhesion performance

characteristics.

13.3 SUGGESTIONS FOR FURTHER WORK

A fuller understanding of adhesion phencmena and the nature of the
bonding in coated polymeric materials might be gained by considering:

1. Application of test methods and analvtical techniques employed in

this research to a broad range of surface coating/substrate

cambinations, especially less compatible systems.
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Examination of the effect of various surface treatments on PU and
other polymeric substrates prior to coating application (i.e.
PMC) and investigation of the factors such as temperature,
pressure and injection velocity {therefore shear rate over

surfaces) during the IMC process.

Evaluation of the effects of molecular structure of the PUs, the
additives and the choice of solvent carriers.

Studying the effect of deliberately changing the surface
coatings' physical and chemical properties by introducing
thinners and paint additives.
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APPENDIX 1

SURFACE ENERGY AND SURFACE TENSION

The surface encrgy of a liquid or solid is the amount of energy
required to form a unit area of a new surface.

The surface tension is the force acting in plane of the surface. The
surface tension of a liquid can also be defined as the work done per
unit area in increasing the surface area of a liquid under isothermal
conditions. This is also called the surface free energy because the
mechanical work done can be released when the surface contracts.
Unlike a liquid, atoms at the surface of a solid are not mobile. The
solid is likely to have a considerable range of values of surface free
energy, varying from region to region on the surface, and also at any
one point, unlike the surface of a liquid, the surface tension need
not be the same in all directions. Contrary to the surface tension of
a licuid, the surface tension of a solid is not susceptible to direct

measurement.

For a pure liquid, surface tension is numerically equal to surface
free energy. For solid surfaces this is not the case. Therefore,
for a pure liquid, it is possible to switch from one concept toe the
other, using them interchangeably.
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APPENDIX 2

HEALTH PRECAUTIONS ASSOCIATED WITH THE USE OF

POLYURETHENE M’EHEEJIATES*

A. Safety Control

1. Apply stringent good housekeeping

2. Wear protective clothing

3 Use equipment designed to minimise aerosols

4. Ensure good extract facilities at crucial areas
5. Decontaminate residues

6. Dispose of waste safely

7. Carxry ocut atmospheric checks and Keep records

8. Check staff for (FEV) lung function on a regular basis
9. Study hazard sheets on all the chemicals used.

B. Decontaminants

Spillages should always be mopped up without delay, and decontaminants
can be valuable in such situations. Suitable recipes are given below:

Water 45% by wt.
Ethanol 50% by wt.
0.880 ammonia 5% by wt.

Liquid I

o~

Water 90% by vol.
Surfactant 2% by wvol.
0.880 Anmonia 8% by vol.

Liquid II

S~

Sawdust 20 parts by wt.

Kieselguhr, China Clay 40
parts by wt.

Liquid decontaminant II

mixed in as required

Solid

P A A —
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Bnpty drums should be decontaminated before disposal - a caustic wash
(Na2003) usually being employed for isocyanate drums. Suitable
. solutions can be selected from the instructions in the suppliers!
literature. All items of waste should be rendered innocuous before
disposal through normal channels.

C. Control Limits

TLV - Threshold Limit Value

STEL, -  Short Term Exposure Limit

™A - Time Weighted Average

TV, - Ceilirngg Value - should not be exceeded even instantanecusly.

Two levels of control limits are usually quoted for iscocyanates: .

8 h TWA 0.02 mgs NCO gmzps/ms
10 min TWA 0.07 mgs NOO gnmps/m‘?'

D. Isocyanate Control Limits

TWA Sh TWA 10 min

mgs NOO3 (ppm by vol) mgs NCO, (ppm)

group/m group,/m
TDI (0.0058) (0.02)
MDI (0.0058) (0.02)
NDI (0.0058) (0.02)
HDI (0.0058) (0.02)
IPDI 0.02 (0.0058) 0.07 (0.02)
Methyl

Isocyanate (0.0116) (0.04)

Prepolymers (=) (-)
CHMDI (0.0058) (0.02)

* Data from British Rigid Urethane Foam Manufacturers' Association
Limited (BRUFMA).
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APPENDIX 3

CLASSIFICATION OF CROSS—CUT TEST RESULTS AS SPECIFIED IN

BS 3900: PART E6: 1974

Classifi-
cation

Description

Appearance of surface
of cross-cut area from
which flaking has
ocourred (example for
six parallel cuts)

The edges of the cuts are
campletely smooth; none of
the sguares of the lattice is
detached

Detachment of small flakes of
the coating at the inter-
sections of the ¢uts. A
cross-cut area not distinctly
greater than 5% is affected.

The coating has flaked along
the edges and/or at the
intersections of the cuts. A
cross-cut area distinctly
greater than 5%, but not
distinctly greater than 15%
is affected.

The coating has flaked along
the edges of the cuts partly
or wholly in large ribbons,
and/or it has flaked partly
or wholly on different parts
of the squares. A cross-cut
area distinctly greater than
15%, but not distinctly
greater than 35% is affected.

The coating has flaked along
the edges of the cuts in
large ribbons and/or some
squares have detached partly
or wholly. A cross-cut area
distinctly greater than 35%,
but not distinctly greater
than 65% is affected.

any degree of flaking that
cannot even be classified by
classification 4.
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