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SUMMARY

This project‘is concerned with the deterioration of surface coatings as

a result of weathering and exposure to 8 pollutant gas (in this case
nitric oxide). Poly(vinyl chleride) (PVC) plastisol surface coatings
have been exposed to natural and artificial weathering and a comparison
of the effects of these two types of weathering has been made by use of
various analytical technigues. These techniques have each been assessed
as to their value in providing infaormation regarding changes taking place
in the coatings during ageing, and include, goniophotometry, micro-
penetrometry, surface energy measurements, weight loss measurements,
thermal analysis and scanning electron microscopy. The results of each
of these studies have then been combined to show the changes undercone

by PVC plastisol surface coatings during ageing and to show the effects
which additives to the coatings have on their behavigur and in particular

the effects of plasticiser, pigment and uv and thermal stabilisers.

Finally a preliminary study of the interaction between five commercial
polymers and nitric oxide has been carried out, the polymers being
polypropylene, cellulose acetate butyrate, polystyrene, polyethylene
terephthalate and polycarbonate. Each of the samples was examined using

infra-red spectroscopy in the transmission mode.

Index Terms
Goniophotaometry
Micro-indentation or Recovery/Time Analysis
Scanning Electron Microscopy
Surface Energy Measuremants

Poly (Vinyl Chloride) Surface Coatinos - Natural anc Artificial
weathering of

Nitric Oxide - interaction with polyirers
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CHAPTER 1

INTRODUCTION

1.1 General Introduction

The work described in the following chapters was undertaken to study
the effect of hoth natural and artificial weathering on PVUC plastisol
surface coatings and follows on from previous work carried out in this
department.1 The surface coatings used were of three different formu-
lations, the first was PYC plastisol alone, the second was PVC plastisol
with added pigment and the third was PVUC plastisol with added pigment
together with u.v. and thermal stabilisers. These were chosen so that
the effect of the additive on the ageing characteristics of the PVUC
plastisol coatings could be assessed. This initial chapter will there-
fore be an introduction to the project and to the technigues used to
study the changes brought about in the PVC plastisol surface coatings

due to ageing.

1.2 GStatement of Objectives

This project was begun with four objectives in mind. Firstly to assess
the suitability of various analytical technigques to measure the changes
brought about in the surface coating by ageing. Analytical technigues
were used to assess changes taking place both in the bulk and at the
surface of the coating. Secondly to compare the artificial weathering
techniques used in this study with natural weathering. Samples of the
PVC plastisol surface coatings had been previously exposed to natural
weathering at the Building Research Station's exposure site for periods
up to 2 years1 and so it was possible to compare these samples with
those exposed to artificial weathering technigues for periods up to

10,000 hours. By comparing the results gained from these two expaosures
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it was hoped that it would be possible to determine how effective the

weatherometer was in reproducing natural weathering conditions.

The third objective was to assess how effective the components of
natural weather are in causing degradation to PVC plastisol surface
coatings when taken in isolation. To achieve this objective the surface
coatings were exposed to uv radiation alone and to thermal radiation in
a8 humid atmosphere. At the end of these exposures it should be possible
to say what contribution uv and thermal radiation make to the overall

degradation of the coatings.

The last objective was to find out what effect the pigment and uv and
thermal stabiliser had on the ageing characteristics of the PUC plastisol
coatings. For this reason the three formulations chosen for use in this
work were exposed simultaneously in all of the exposure tests. They

were also a purpose formulated range of coatings which are of a simpler

formula than commercial coatings.

1.3 Surface Coatings

The most common types of polymer encountered in everyday life are surface
coatings seen as paints and varnishes on our surroundings. In this

role they have a dual functionality to protect the underlying substrate
from attack by external factors such as weather and to appear attractive
and pleasing to the eye. This second function is thought to be fulfilled
if a paint retains its colour and gloss after exposure to external
factors. To be a successful surface coating therefore a polymer must

be able to withstand attack from external forces and not be degraded by

them.

This study sets out to examine the ageing characteristics of one type of
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paint film and to measure the effect of added pigment and uv and
thermal stabiliser upon the expected lifetime of that paint film. The
surface coating offers a model in which not only can the degradative
processes of the system as a whole be studied but also the degradation
processes particular to the polymer PVUC can be studied. Surface
analytical technigues would be expected to provide the most valuable
results in a study of this kind because of the large surface to bulk
ratio of a surface coating and the majority of analytical technigues
which have been used in this study fall into this category. A number
of different technigques have been used to monitor the changes taking
place in the coating during ageing both at the surface and in the bulk
of the coating and it is hoped that the results provided by each of the
individual techniques can then be assessed to give an overall picture

of degradation for the coating,.

l.4 Weathering Technigues

Natural weather is & very complex phenomenon made up of various factors
which have been summarised by previous wurkersz-s. The most signifi-
cant of these factors are generally considered to be those associated
with radiation, temperature, oxygen, other harmful (eg industrial)
atmospheric gases, water,micro-organisms, dust and wind (etc). Of
these, the ultraviclet component of natural radiation (ie sunlight)

is probably the most potent single factor in the degradation of surface

coatings, although its combination with the infra-red (ie heat) compo-

nent and/or water is believed to be more potent still.

Angther feature of natural weathering is the great seasonal variations
that occur in the intensity of both thermal and uv radiation and

because of this it may seem doubtful that reproducible results could

F
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ever be obtained from outdocr weathering exposures. Inceed, to quote
Rosendah16 "A researcher, who was so over cautious to expese a test
series not oﬁly once but several times over, had to find out that even
in the ideal climate of Florida with exposures started in different
years, but the same time of year, the durabilities found varied by as
much as a factor of two". Other workers however have observed that
weathering conditions both in the UK, and elsewhere, when taken over
the year as a whole, tend to level Uuth, although marked variations may
be observed in the weathering response of similar materials exposed at
the same site over shorter seasonal periods of time during (a) spring

and summer, and (b) autumn and winter.7-9

Some conflict therefore exists between different workers as to the
reliability and reproducibility of natural weathering exposures and it
would obviously be advantageous if a method of weathering could be
found that could give both reliable and reproducible results. The
weatherometer or artificial weathering machine was designed for this
purpose and one scbjective of this study is to find if it has success-

fully achieved this.

A further disadvantage of natural weathering is the length of time
involved in exposure tests. With artificial weathering technigues
this time can be reduced by approximately three-guarters. Continuing
consumer demands for new colours and improved durability performance
make it impossible to wait for lengthy outdoor tests and so the speed
of the weatherometer in producing reproducible results is another

distinct advantage.

l.4.1 Natural Weathering

2
Weathering has been defined by Stager as the effects of all
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technoclimatic, mechanical, physicel, chemicel and electrical influences
which, under operating conditions and by their collective effect on

the surface and in the interior lead through irreversible processes

to final deterioration. The most significant factors to which a coating
is exposed during natural weathering are generally r:onsideredz"5 to be
those associated with radiation, temperature, oxygen, other harmful
gases, water, micro-organisms, dust and wind. The ultra-violet compo-
nent of sunlight is believed to be the single most harmful factor in
degrading surface coatings but when in combination with other natural
weathering factors its effect is more potent still. However, while

some factors may be more impDrtaﬁt than cthers in natural weathering

it is important to realise that a surface coating will be exposed to the
complicated balance of all these factors and it is all of these factors
together with their complex interactions which govern the behaviour of

a paint film.

It would be very difficult to reproduce this delicate balance artifi-
cially but because of the time runstraint on natural weathering it is
valuable to be able to create suitable artificial weathering technigues.
With regard to this it is interesting to note that natural weathering
studies themselves usually have some element of acceleration inherent
in theml+ as the samples are positioned in such a way that they receive

the maximum amount of solar radiation.

1.4.,2 Artificial Weathering

As more photochemically stable organic binders have been developed for
use in paint films in recent years so the useful life of paint films

has been extended. This in turn has led to the necessity for accelerated
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weathering exposure tests to assess the durability of these costings.
Artificial weathering tests which have so far been devised can be
divided into three categories.

(1) Those involving exposure to just one or two of the factors
comprising natural weathering. This type of accelerated weathering has
been utilised in this project in the case of the exposure of surface
coatings to uv radiation and to thermal radiation in a humid atmosphere.
It is useful in assessing the contribution made by these factors to the
overall picture of deterioraticon although it cannot be thought of as
simulation of natural weathering.

(2) Those in which the samples under test are exposed to a repeating
cycle of simulated natural weathering conditions. The weathering
elements used in this type of exposure are usually intensified as
compared with natural weathering but not to the extent that they are in
(1) above. The BS53900 Part F3 artificial weathering apparatus falls
within this category and was the device used for the artificial
weathering of the samples in this project.

(3) The last category of artificial weathering technigques devised is
that where accelerated natural weathering is carried out at tropical
sites such as Florida1D. Deterioration of surface coatings at such a
gsite is accelerated compared to other locations because of Florida's
unique conditions of intense sunlight, high humidity and moderate
rainfall coupled with a minimal seasonal effect. Other sites used for
accelerated natural weathering include Arizona11, Pretoria and Durban12,
the prevailing weather patterns at these sites tend to be well documen-
ted along with performance data for a range of previously expaosed

materials.

It is also possible to accelerate natural weathering by concentrating
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sunlight onto the surface costing by means of a system of mirrors in
conjunction with an equatorial mount (used for maintaining the sample
perpendiculaf to the sun's rays). The two types of apparatus

developed for this purpose are both located in Phoenix, Arizona and are
designated EMMA13 (Equatorial Mount with Mirrors for Acceleration) and

11,14

EMMAQUA the latter incorporating a water spraye.

Each type of artificial weathering has its limitations when trying to
reproduce natural weathering and all of the methods described sbove have
their own disadvantages. The first method described is only a means of
elucidating the particular ageing effects of one or more deteriorative
weathering factors, the second tgpe of acceleration does try to simulate
natural weathering es a whole but because of the delicate balance between
so many forces it can never totally reproduce the effects of natural
weathering. A large number of artificial weathering machines have been
produced in recent years15—19 all with this aim and differing essentially
only in the type of radistion used and the facilities available to
control the various elements of their respective operating cycles. One
of the major problems facing the designers of artificial weathering

machines is the existence of considerable variation in natural environ-

ments together with the unique pattern of weathering at each site.

Reproducibility of natural sunlight is another problem and the choice of
a suitable ultra-violet light source has been one of the foremost topics
under discussionzu. The suitability of a given light source is judged
on the extent to which the spectral wavelength distribution of the light
emitted "matches" that of natural sunlight. On this basis the xenon-arc
lamp is regarded as offering closer correspondance with sunlight than

any other artificial sourceh'ZI'zz.
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The last type of artificiel weathering, accelerated natural weathering
can be considered to approximate most closely to natursl weathering

conditions end this method of exposure is therefore preferred by many
researchers, although with new improved coatings produced today it is

still necessary to expose samples for periods up to 2 years.

1.5 Analytical Technigues

The range of analytical techniques available for the study of the
deterioration processes in surface coatings can be divided into two
broad groups, firstly those which monitor changes in the surface of a
coating and secondly those which monitor changes in the bulk properties
of a coating. Technigques which monitor surface changes are more appro-
priate in a study of surface coatings because of the large surface to
bulk ratio of the samples. In this study however some techniques which
measure bulk changes have been used so that these changes when taken in
conjunction with surface changes can be used to give an overall picture

of the deterioration and degradation taking place within the polymer.

l.5.1 Surface Energetics

Under the broad heading of "surface energetics" are included those
energy factors commonly associated with the processes of wetting,
spreading and adhesion23-27 of (a) a given coating when freshly applied
to a substrate, and (b) a given liquid in contact with the formed
coating surface. In the context of weathering the wettability of the
coating surface by water, is of particular relevance, whether it be

in the form of rain or dew droplets. UWater is, of course, well-known
as one of the more potent deteriorative weathering Factorszs,

especially in synergistic combination with radiation. Therefore the

extent to which surface moisture adheres to (ie wets) a given paint



film during exposure will have a direct bearing upon the paints!

weathering performance. A technique which can be used to determine the

a

surface energy of a coating involves the measurement of the contact
angle which a given liguid makes with the coating. This is a very
useful technigue and as well as giving the surface energy of a solid,
yields information regarding the surface roughness and heterogeneity of
8 coating. Thomas Young was the first person to link together the

3,30 in 1905 and then in 1878

J willard Gibbs published the basic thermodynamics of wetting31.

2
contact angle and surface energetics

Uncertain experimental values however led to conflict over theoretical
interpretations and so no further advances were made in this field until
techniques for measuring reproducible contact angles were developed.
Gibbs theory had predicted that for any given system there would be one
and only one stable contact angle but with the development of improved
technigues this was found not to be so and one of the fundamental
characteristics of wetting is the ability of a liguid drop to form a
continuum of different stable contact angles between two extremes on a

solid surface32. Solman gave this phenomena the name of 'hysterﬁsis'33

AR free liquid drop on @ solid surface will take the shape which minimises

the free energy of the system and this shape is a result of the balance

between the cohesive forces in the ligquid and the adhesive forces betuween

the solid and the liguid.

AN
A4
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Young's equation states that minimising the free erneraoy of the

system requires the minimisation of the sum

a

A A A
Ylg 1g * Ysg sq * Ysl sl

where Y is the surface or interfacial tension
A is the area
lg refers to the liquid-gas interface
sg refers to the solid-gas interface

and sl refers to the solid-liquid interface.

For a plane, homogeneous, non-deformable surface minimisation of the above
equation yields

Ylg cos B = Ysg - YSl

This is an idealised situation where there is only one equilibrium
contact angle for a given system, in reality this is not the case and
for @ liquid-solid system it is possible to measure a number of stable
contact angles. Two of these angles are relatively reproducible and are
the largest and smallest of the stable angles. The smallest is known

as the receding contact angle and the largest as the advancing ceontact
angle, this is because the smallest is usually measured by pulling back
the periphery of a drop over s drop and the largest by advancing the
periphery of a drop over the surface. The difference between these two

angles is called the hysteresise.

As stated earlier measurement of contact angles can give information

about the roughness of a surface and this has been gquantified by
34,35 1

Wenzel . For rough areas there are two areas the apparent area A

of a plane having the same macroscopic dimensions and the true area A

taking into account the peaks and valleys of the surface. Wenzel
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defined the ratio r or roughness factor as

. 1.
Replacing A by rAR in the equation

A
vlg 1g * Ysg Asg * Ysl Asl

and minimising we get Wenzel's eguatiaon

cos a = T CcO0OS 80

g is the observed contact angle on a surface having an intrinsic contact
N
angle of BD. Rlthough a contact angle of B minimises the free energy of

the system techniques of measurement are such that this angle is seldom

measured.

Surface rugosities can act as capillaries in the surface of a coating

and there is a critical roughness above which a liquid will spread

spontaneously over the surFaceBE’37. This is possible when r = co; g -

It has been shown that the roughening of a surface increases the
advancing contact angle and decreases the receding contact angle until

T = 1.2-1.4 when the advancing contact angle alsc begins to decreaseBB’jg.

Many authors have stressed that contact angles and drop shapes depend
very strongly on anisotropa in the surface&1. A drop placed on a
surface grooved in one direction will tend to elongate in the direction
of the grooves and in this case the contact angle will depend upon the
position where the angle is measured. This is caused because the energy
barriers are higher across the grooves than along them and the drop

wili elongate in the direction of the lowest energy barriers. Objectors
to Wenzel's theory state that contact angles are determined sclely by

the nature of the surface at the periphery of a drop and that the average

roughness of the entire surface should not be used to describe the
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effect al any isoleted point on the surfsce. Uenzel's theory is there-
fore useful when desling with uniformly rough surfaces but not useful if

a surface is non-uniformly rough.

1.5.2 Measurement of Contact Angles

In general when measuring contact angles the limitations on accuracy

are not related to the measuring technigues used but due to the repro-
ducibility of the surfaces being studied. There are a number of different
methods which can be used for measuring contact angles and providing
sultable precautions are taken there is good agreement between the results

produced by each method.

l.5.2.1 Drop or Bubble Method

This is the most commonly used method of measuring a contact angle which
is determined by constructing a tangent to the profile of a liquid drop
on a surface at the point of contact either by using 8 projected image

of the drop or a photographbl’hz. The contact angle may also be

measured directly using a telescope fitted with & goniometer eyepiece 3
The advantage of this type of measurement is ‘that it employs simple
instruments, only small volumes of liquid are reguired and the control of
temperature and the vapour phase is easily achieved by enclosing the drop
and the surface in a thermostated cell with viewing windows. Contact
angles can be determined to within 1° using this method although for

very small angles (less than lUD) and large angles (greater than 160%)
the uncertainty is greater due to the difficulty in locating the point of

tontact between the solid and the liguid and constructing & tangent to

the drop profile.

The contact angle of a sessile drop can 8lso be measured directly by
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determining the angle at which light from a point source is reflected
. Ls,L6 | :

from the drop surface at the point of contact with the solid. This
eliminates the drawing of a tangent to the profile of the drop and
requires no lenses or other optical equipment, the disadvantages houwever
are that measurement is restricted to angles less than 90° and that a
requirement is the elimination of unwanted reflections. The drop cannat
therefore be enclosed in a thermostated cell and so contact angles in a

controlled environment cannot be conveniently measured.

A further way of determining the angle made by a liquid drop in contact
with a surface is by measurement of its dimensions. For a very small
draplet the distorting effect dué to gravity is negligible and the drop
can be considered to be a segment of a sphere, the contact angle B can
therefore be calculated from the drop height h and the diameter of its

base d using the equation

1.5.2.2 Vertical Rod Method

Figure 1 Vertical-Rod Method
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Contact angles can be measured directly on a vertical rod or plate

partially immersed in 8 liquidb
goniometer egepiece. ARdvancing and
simply by immersing and withdrawing
necessary to use a8 rod of thickness
rod is used the radius of curvature

rod is about equal to the radius of

using a telescope fitted with a

receding angles can be determined
the rod in the ligquid. It is
greater than 50 p because if a thin

of the liquid profile near such a

the rod and it is almost impossible

4
to draw a tangent even when using high magnification 9. This method is
particularly useful when using viscous ligquids to form contact angles

because the time taken to attain 8 static contact angle is short.

1.5.2.3 Tensiometric Methods

The Wilhelmy Plate methodSD for determining the surface tension of a
liquid involves measuring the force exerted on a thin wettable plate
when brought into contact with a ligquid. UWhen the contact angle aon the

plate is not zero, this force is given by

W= leg cos B - Ufg
where p = perimeter of the plate
V = volume of liquid displaced by the plate

density of the liguid.

f

If the density of the liquid is known the contact angle B can be

determined using this equation. The term pY cos B is equal to the

1g
weight of liquid supported by the plate.

l.6 Colour and Gloss

The most obvious properties of surface coatings are their colour and

glossSI—SQ and so it is not surprising that most attempts to characterise

polymer surfaces have been made in this field. The colour and gloss of a
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surface is caused by the action of rays from a light source which fall
upon the surface and is also dependant upon the position and shape of
the surface. UWhen assessing the glossiness of a surface we also make an
assumption abgut the texture of the surface and this is assisted by a
sense of touch which gives an impression of the surface rugosity and

hardness.

l1.6.1 Glaoss
The term 'gloss' is used to describe the result of a visual appraisal of
a surface. No precise definition of such a complex phenomenon is

55-57

possible although various attempts have been made to define it

and its various angular gualities

////////
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Figure 2 Reflectance phenomena - Definition of Terms
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Figure 2 defines some of the terms used to describe the rays from a

light source being deflected by a surface coatinge.

-

() qupqd m‘lrror 5ur(acg

QQFQ#ECF mah su#@cq

> normal su%%gq

Figure 3 Spatial distribution of light reflected
from various types of surface

fft;:;’ There are three types of surface which can be described, a perfect
| mirror surface, a perfect matt surface or a normal surface. A perfect
mirror surface as shown in (a) above is defined ss 'a plane surface
which reflects all incident light unidirectionally at an angle equal
to the angle of incidence!', this is called 'specular' reflection.
Surfaces which act as near perfect mirrors reflecting over 80% of all
incident light are plane polished surfaces of silver and ordinary silver

backed mirrors.

R perfect matt surface, as shown in (b) above can best be described as

a surface which reflects incident light equally in all directions. 1In
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practice perfectly matt surfaces are very rare with barium sulphate

and smoked magnesium oxide surfaces providing the closest approximation.
The normal tﬁpe of surface encountered is shown as (c) above and is one
which reflects incident light in all directions but with the predominance
of reflections being at the specular angle. The percentage of incident
light reflected at the specular angle depends on the surface with high
gloss surfaces having a high specular reflection and semi-gloss surfaces

having a lower specular reflection.

When making an assessment of the characteristics of a surface an
individual forms an impression based upon the sharpness and contrast

of images reflected to the eye from the surface and the diffuse reflec-
tance of the film. Ha:rri:axonBS"57 after extensive studies in which the
ability of individual observers to rank a range of surfaces according

to gloss was compared with instrumental measurements concluded that the
gloss of a surface is not a simple physical property but a psychological
Gestalt, that is an appraisal of the physical situation taken as a whole.
He writes "gloss is not a single simple sensation but & complex of at
least three simpler sensations. These were found to be, sharpness of
mirror image, variations in the brightness of a surface when viewed at
different angles and the parallactic effect in which we seem to be

looking at one surface through another. Gloss is a combination of all

three but not in fixed proportions".

The types of instrument which can be used to measure the gloss of a
surface can be conveniently divided into two groups, namely gloss meters

and goniophotometers and both of these groups are discussed here.

l.6.1.1 Gloss Meters

The 'specular gloss-meter! or 'reflectometer' is the simplest of the
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gloss measuring devices and is basically a reflection photometer.
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Figure &4 General tLayout of a Specular Gloss-Meter

This instrument consists of three main parts, an incandescent light
source, a part for the surface of the specimen and a photosensitive
receiver. These three components are in fixed positions relative to
each other such that the light reflected from the specimen surface is
received at the specular angle, ie at an angle equal to the angle of
incidence. Readings taken from the instrument are then related to that
of a polished black tile or glass which is assigned an arbitary 'gloss
value' of one hundred units for all angles of the incident and the

reflected light. The choice of specular angle depends upon the type of
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surface being examined and the angle most commonly chosen for paint
films of intermediate gloss is 60°. It has been found however that for
high gloss values 20° specular geometry gives better resolution and for
low gloss values a specular angle of 85° is preferred. The main dis-
advantage of the specular gloss-meter is the general lack of agreement
between gloss readings obtained from different laboratories and hence
the lack of reproducibility in results. This seems to be due to poor
standardisation and maintenance of instruments and so despite these
drawbacks specular gloss-meters are widely used in industry because of
their simplicity and ease and speed of analysisSB—EB. They only measure
the light reflected at the specular angle however and not the angular
distribution of the reflected light. An instrument in which the photo-

sensitive receiving device is movable is therefore required to measure

this angular distribution.

l.6.1.2 Goniophotometer

R goniophotometer is such an instrument and is capable of measuring the
intensity of light reflected from a given surface as a function of
viewing angle. The basic layout of a goniophotometer is shown in

Figure 5.

Goniophotometry is the most informative and precise technigue for
measuring the gloss of a surface and it is capable of giving more than
the gloss characterisation of a surface and so is very useful in
studying the deterioration of polymer surfaces. The earliest knouwn
goniophotometer was in 1762 devised by E!pur;;uerBl+ in an attempt to
corroborate Lambert's (cosine) law for uniform diffusers but despite
being known for so leng it has only been in recent years that the true

potential of this type of instrument for gloss measurement has been
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Figure 5 General layout of a goniophotometer

realised, In 1966 Hoffman and Hosbahn65 described a relatively simple
design of goniophotometer limited to three angles of incidence (ZUD, 45°
and 600) and using a convergent beam with an angle of convergance of
about 8°. This has the advantage of obviating the need for a collimator
on the viewing side and enabling an inexpensive photocell to be used.

The instrument was also equipped with an automatic curve plotting

facility.

In the same year a new commercial instrument the GP2 was described by

Heinzloof of the Carl Zeiss Company66 and although manual in operatian
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the GFZ has found widespreed use in practice because it combines
accuracy of measurement with an optical system limited to the essential
elements. Other developments in the field of instrumentation have been
concerned with the modification of existing instruments. Carr has
described an automated version of the Zeiss GP2 goniophotometer67,
Colling et al the modification of a Unicam SP500 spectrophotometer68 and
Loof the modification of the Zeiss DMC25 spectrophotometer66 all for

goniophotometric use., Billmeyer and Davidson69'7U

and Quinney and

Tighe71 have both described the modification and use of the Brice-Phoenix
Light Scattering Photometer as a goniophotometer. The last three named
instruments are strictly speaking spectrogoniophotometers as they are
capable of measuring reflectance as a function of wavelength as well as

of angle. Although few surfaces are goniochromatic that is the colour
changes with geometry of illumination or viewing angle or both, it is

a phenomenon which is well recognised and it is with this that Billmeyer's
work has been principally concerned69’72-75. Other workers have used
goniophotometers for studying the effects of surface defects and

pigmentation68'7s_7g.

if":rﬁ; Typical examples of goniophotometric curves are shown in Figure 6. These
show that for a surface of high gloss most of the reflected rays are at
the specular angle while for a surface of low gloss there is a more even
spatial distribution of reflected rays. There are several ways of
combining the experimentally determined values to yield a conveniently
handled guantity which may then be compared with subjective gloss
assessments, It is usual however to study three gquantities the inten-
sities of the specular (Is) and diffuse (Id) reflections in conjunction
with the peak width at half-height (w%). These guantities have been

shown to correlate with empirically judged image sharpness and contrast
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Figure 6 Typical goniophotometric curves for

a - low gloss surface
b - medium gloss surface
c - high gloss surface

and lustre tg a greater extent than have simple photometer reflectance

values,

l.6.1.3 Contrast Gloss Meters

The 'Contrast Gloss Meter! is an alternative to the 'Specular Gloss
Metef' and it attempts to accommodate the visual evaluation that a human
observer makes of the distinctness of an image observed at the sample
surface rather than the intensity of the reflected light. The principle
of this type of instrument involves the use of the sample as a mirror

reflector and the degree of contrast at border lines between dark and



(23)

light fields is then assessed., Contrast gloss-meters have been designed
in which the fineness of detail that can be seen by specular reflectiaon
at a fixed aégle is estimated or in which a pattern can be reflected
specularly at various angles and the angle closest to normal to the
sample surface at which the pattern can be seen is taken as a measure

of ngSSBD. Although evaluation of the glass of a surface with this
type of instrument is in principle related to a specific model of sub-
jective gloss assessment the fact that human evaluation is also involved
makes the standardisation of such devices difficult. The most important
features of contrast glossmeters are their extended range of applica-
bility to surfaces in the medium_and low range of reflectance and the
fact that they have provided support for the view that gloss should be

a2
linked with the sharpness of an image as perceived by an 0bserver81' .

l.6.2 Colour

The colour of a polymer surface is not as relevant as the gloss as the
colour is largely attributable to pigments that are added to polymers

for decorative and/or protective purposes in coatings. The perception
of the colour of a8 surface is 8 sensation arising from the manner in
which light incident upon the surface is reflected into the eyes of an
observer. The colour is characterised by the spectral distribution of
the reflected light within the visible range of the electromagnetic
spectrum. The radiation from a surface that gives rise to the perception
of colour is called a colour stimulus being the agent that stimulates

the eye to produce the visual perception of colour83'8Q. Such stimuli
can be registered and measured by physical instruments but the perception
of colour can only be experienced by a living creature. The instruments

which have been developed over the years for colour measurement can be

considered as two main types, visual and photoelectric colorimeters.
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l.6.2.1 Visual Colorimeters

Visual colorimeters use the human eye as 8 light receiver and are based
on either additive or subtractive colour mixing. The additive type
involve the matching up of the colour of the surface under examination;
as seen in half of the field of view from under a specified type of
white light illumination, with that obtainable by mixing variable
amounts of red, blue and green light as observed in the other half of
the field of view. Red, blue and green are chosen because they are
defined by the International Commission on Illumination as the primary
colour stimull and it is from their relative intensities that the CIE
system tristimulus values are derived and taken as the specification of
the colour. The subtractive type of visual colorimeter in contrast
involves colouf matching of the sample surface with light reflected
from a white background in front of which three series of variable-

gstrength filter glasses are introduced.

Results obtained from visual colorimeters however suffer from a lack of
accuracy and reproducibility because of the human element of assessment

involved and because of this photoelectric colorimeters are more

favoured by industry.

l.6,2,2 Photoelectric Colorimeters

Two main types of photoelectric instrumentation exist for colour
measurement and these are namely (reflection) spectrophotometer and
tristimulus colorimeters. The spectrophotometer measures the variatiaon

in intensity of surface reflectance as a function of the wavelength of the
reflected light. The amount of light reflected from @ coloured sample

is measured at each wavelength as a percentage of that reflected from a

standard white surface. Variations in instrumental design however,
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particulerly with respect to the geometry of the optical system,
inevitably give rise to differences in the results obtained and so a
given reflectance measurement is often, to an extent, characteristic

of the instrument as well as the sample.

85,86 are instruments which

Photoelectric tristimulus colorimeters
evaluate directly the CIE system tristimulus values of a coloured sample.
The main difference between these instruments and a spectrophotometer

is that whereas in a spectrophotometer the monochromatic light is
obtained by means of prisms or gratings, in tristimulus colorimeters

only three narrow bands of light are used corresponding to the three
primary colour stimuli, red, blue and green light. While the values
these instruments give are only approximate, and can in some regions
differ widely from the correct values, they are popular because they are
guick and easy to use and much cheaper than spectrophotometers. They

tend to be unsuitable for absolute measurements but useful in the

measurement of colour differences.

- 1e7 Scanning Electron Microscopy

Surface microscopy is a valuable analytical tool for studying surface
coatings and especially for studying changes which occur during ageing.
The simplest form of surface microscopy is optical microscopy but this
is of only limited use in studying the ageing characteristics of surface
coatings because of its low power of resolution and very small depth of
focus., This, combined with, in the case of pigmented samples the light
scattering effects, means that the fine structure of a surface is very

difficult to determine with any accuracy.

The electron microscope however is a very valuable technique when

applied to the detailed analysis of surface coatings. It is a technigue
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. : . s g 87-53
of great importance in studying surfaces and their inner structures

and in particular the changes which occur in a surface coating during
ageinng—q1’93-97. It enables the changes which occur during the early
stages of weathering to be followed, changes which otherwise would not
be noted, either visually or with an optical microscope. A disadvantage
of electron microscopy is the care and time which is required for the
preparation of samples for analysis, but even this has been to a large
extent overcome with the introduction of the scanning electron microscope.
The latter instrument has a second important advantage over the electron
microscope and that is its exceptional depth of focus and range of
magnification (x20 - x50,000) wh%ch enable it to produce micrographs

of great clarity showing the three-dimensional topography of surfaces.
The scanning electron microscope is therefore the most powerful and
versatile instrument currently available for the direct observation of

surface coatingsga_qDD and changes in them which take place during

. 99,100
ageing .

The cost of a scanning electron microscope precludes it from ever
becoming a routine analytical tool in most laboratories and so many

" companies in industry instead of buying their own instrument are tending
to finance the use of a scanning electron microscope owned by the larger

research groups and by universities.

1.8 Infra-red Spectroscopy

Infra-red spectroscopy is a very convenient means of determining the
chemical composition of organic coatings and transmission infra-red
spectroscopy can be successfully used to follow changes brought about
by ageing in thin transparent polymer films181. For thicker opague

coatings however this is not practical because of the sample's high

absorbance characteristics. A way of applying infra-red spectroscopy
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to pigmented coatings was therefore required and a technigue was
developed to fulfill this need, nemely internal reflection spectroscopy

(IRS) also known as attenuated total reflectance (ATR).

The use of the infra-red spectrophotometer in the internal reflection

102,103

mode was introduced about twenty years ago and has since been

applied to the analysis of paint films and plastics. An adequate
description of internal reflectance phenomena can be based on Newton's

"Opticks" first published in 171718&.

7777777777
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Figure 7 Single Internal Reflection Effect in MIRS

When a light beam is directed towards one face of a refractive prism as
shown in Figure 7 it will be totally reflected if the angle of incidence
B is greater than the critical angle. It can be easily demonstrated
that this totally reflected beam penetrates the space beyond the back
face before returning through the prism and it can be shown that the
amplitude of this beam decreases exponentially with distance from the
back surface and is therefore called the 'evanescent'! wave. UWhen a
sample is placed against the back surface.UF the priém this evanescent

wave undergoes selective attenuation which is related to the infra-red
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activity of the sample. A plot of wavelength against transmittance then

yields a spectrum similar to that of regular transmission spectroscopy.

The depth of penetration of the evanescent wave is defined by Harrick105

as:

d, - A

. 5.5
2T (8in* 6 - nz,z

where QL‘is the wavelength of the light in the refractive pri&n,é} is
the angle of incidence and N,, is the ratioc of the refractive indices

of the optical element n, and of the sample n,. The value of cﬂpis one
of the factors which determine the strength of absorption in the spectra
and the above relationship shows.that the depth of penetration increases
with wavelength. As the scan moves from 4000 to 250 wavenumber cm-1 the
depth of penetration typically increases from 0.75 to 15 pm, this
wavelength dependance therefore produces some distortion in IRS peaks

as compared with transmission spectra. The depth of penetration
decreases as the angle of incidence increases and so the angle of
incidence can be used to control the depth of penetration. This is
useful when studying effects, such as, weathering, plasticiser migration
génd multilayered films. The depth of penetration also increases as N4
:wiends to unity but as the index of refraction of the refractive prism
must be greater than that of the sample to obtain undistorted spectra
KRS-5 (thallium bromide-iodide) is usually used as a reflector and so

the ratio of n21 is seldom varied in practice.

A second effect that distorts the bands in the spectra and displaces
them to longer wavelengths is the change in sample refractive index that
the instrument sees as it passes through an absorption band. Dispersion
effects occur in both transmission and reflection spectroscopy but in

the former case the beam angle is constant and the effect is not noticed.
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Dispersion is the effective increase in the refraciive index of i
material as the frequency of the source light increases. From this
discussion it cen be seen that it is necessary when obtaining spectra

to make a compromise between peak height and peak distortion. To obtain
a satisfactory IRS spectra it is also necessary that the sample should
be in intimate contact with the back face of the refractive prism. An
IRS scan obtained in this way is then generally similar enough to a

regular transmission scan to permit a direct comparison to be made.

Internal reflection spectroscopy does have several advantages over
transmission spectroscopy and these are 1) IRS can be easily applied to
a wide range of solids and liguids (using a special liquid cell),

2) the ease with which samples can be prepared for analysis, 3) films

do not produce interference fringes, 4) the spectra are independwist of
the sample thickness, 5) IRS can be used to study surface reactions as
the beam penetrates to a depth of only a few micrans and 6) the sample
is not destroyed as in the case of organic and inorganic powders handled
as mulls for transmission spectroscopy. The main disadvantage of IRS

- @s compared with transmission spectroscopy is the lower guality of the

-~ spectra obtained, especially in the case of rough or inflexible surfaces.

Internal reflection spectroscopy is therefore a very useful tool for
studying surface coatings and the effects of ageing upon their surfaces,
as well as more specific phenomena such as plasticiser migration, cure

reactions and weathering effectse.

1.9 UWeight Loss Measurements

When one considers that it is often in terms of the time taken for a
certain percentage weight loss to occur that the effective service 1life-

time of a paint film has been expressed, it is surprising to find that
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the measurement of weight loss on guantitative basis is a relatively
recent technigue for studying paint film deterioration11u. The reason
for this is aossibly that for & long time workers had seribus reserva-
tions regarding the accuracy of weight loss measurements mainly on
account of the fect that the expected weight losses from paint films

in general would be so small in comparison with the total weight of the
film and its substrate. Additionally there were the problems associated
with accompanying change in the weight of the substrate, dirt pick-up

by the coating surface, and also seasonal weather variations, inherent
in outdoor exposure, to be taken into account. Since the early 1960's,
however, many of the procedural problems have been overcome by the
design of more stringent test methods and the advent of more accurate
weighing instrumentation. The most usual test procedure115 involves the
spplication of the paint film to a weather resistant substrate, such as,
stainless steel, followed, after ageing, by careful washing of the
coating surface in order to remove loose particulate matter, and thorough
drying before determining the weight loss. This type of procedural
control has led in more recent years to a more guantitative approach

‘_7baing taken to the weight loss analysis of paint films on ageing11u’116-120.

It is probably true to say that weight loss measurements have been most
..—. popularly applied to the study of erosion rates11u'116-120. This has
resulted in ample evidence appearing in the literature to suggest that
the erosion rate is, in fact, & specific film property and should be
considered as such in assessing the durability of a paint system116, on
the other hand, there is little evidence to suggest that erosion is
directly related to other film properties such as gloss retention,

except in a very general sense, yet, despite this, the study of erosion

rates has come to be regarded as a useful guantitative means, in its
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own right, of following film degradation. Furthermore, erosion rate
data has 2lso been observed, in certain cases to provide useful

correlations between the results of natural and accelerated meatherinu119'121,

0f additional interest, in connection with accelerated weathering, is the
contention by Berg et 81119 that weight loss measurements taken over

the first several hundred hours of exposure are sufficient to characterise
the likely performance of most paint films in practice. However, other
workers115 have suggested that it may be necessary to allow for a steady
rate of weight loss to be reached before meaningful data can be obtained,
although this undoubtedly reduces the early predictive ability of the
test. In a more recent article, Whiteley and Rothwell10 support the view
that although weight losses need to be interpreted with caution in the
early stages of weathering, if a steady rate is subsequently attained

they can be extrapolated almost to a definite lifetime. In this way, an
upper ageing limit can then be readily set with respect to the time taken
for 8 given fraction of the film weight or thickness to be lost, assuming,

of course, that only a genersl erosion of the surface takes place without

any disastrous failure by, for example, cracking or checking.

+Weight loss measurements have also been used extensively for assessing

2
the "chalking” tendencies of pigmented paint f"ilms'l 1,115,122

, notably
those incorporating titanium dioxide pigments. On the other hand, a
number of workers have also been able by means of weight loss analysis,
to demonstrate the protective action of rutile-type titanium dioxide

. . . . 120,123
plgmentation on the paint system during exposure . However,
whilst the role of titanium dioxide pigments in paint systems may have

116 .

attracted most attention up to now, Ritter 1 points out that the role

of any paint ingredient can, in fact, be studied by the weight loss/

erosion rate technique.



1.10 Bulk Technigues

Commercial surface coatings are most readily thought of in terms of
their zesthetic appeal and, subsequently, most readily assessed in
terms of the retention of their surface properties, it is obviously
important to realise that modern-day coatings are very much engineering
materials which are expected to meet a range of bulk property require-
ments as well. However, it is probably fair to say that, if only
because of the large surface area to bulk ratio which characterises
surface coatings, bulk property analytical techniques have often tended
to be somewhat less predictive on their own than surface techniques of
the likely in-service performance of a given paint film on weathering.
Nonetheless, bulk analysis forms an essential part of any overall
testing program on the strength of which a new coating material might
gain commercial acceptance. Methods used for mechanical testing and

thermal analysis will now be discussed in more detail.

1l.10.1 Mechanical Testing

The mechanical testing of surface coatings100 includes the measurement
- DF properties such as hardness, tensile strength, extensibility
(elongation), flexibility, adhesion and abrasion resistance. The use

of this type of test for predicting coating perf‘ormance‘m7 has been
applied for some time now to both detached and substrate-supported
films, since it was first ohserved that significant changes in the
mechanical properties of paint films occurred during both natural and
artificial weathering. This was a clear indication that actinic
radiation was penetrating at least part way into the film in order to
effect the bulk interior changes to which the mechanical properties were

related.
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Of the various mechanical properties mentioned, hardness has certainly
been one of the most popular chosen for measurement. Herdness, like
gloss, tends to be a conceptual property insofar as it means different
things to different people and is measured in different ways. However,

a general working definition of hardness, based on practical concepts,
simply states that "hardness is a resistance to indentation or scratching”
although the latter part of this definition presents more problems than
it snlves. Consequently, it has been the measurement of indentation
hardness that has proved most attractive and which, with the more recent
advent of the microindentation technique, has been developed to the stage
where the "state of this particular art" compares very favourably with
any of the previously described surface techniques. An example of a
microindentation instrument which is now in commercial use is the ICI
Pneumatic Microindentation Apparatus developed by Monk and quightm8 in
1965, since which time this particular instrument, in common with its
related types, has been applied very effectively to the study of the

1 0 1
pProperties and ageing characteristics of surface coatings 0,109,1 U.

1,102 Thermal Analysis

 The application of thermal methods of analysis to the characterisation
and ageing study of organic coatings materials has also been shown111’112
to yield useful information which can often be correlated with corres-
ponding mechanical test data. Perhaps the single most important ageing
parameter which is obtainable from analysis is the glass transition
temperature (Tg)113, variations in which can be brought about by & range
of physical and chemical effects such as plasticiser loss and cross-
linking or chain scission within the polymer matrix. Determination of
the Tg is generally carried out on unsupported coating samples by means

of following the temperature dependence of & suitable physical or
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thermodynamic property such as refractive index, density, specific
volume, torsional shear/Young's modulus or enthalpy. Variation in

this latter p}operty - enthalpy - with temperature, as measured by
differential scanning calorimetry (DSC), is currently the most popular
method which, in addition to the Tg, can also provide useful indications
of the softening point and decomposition temperature of the test

material.

In addition to DSC, however, other techniques such as thermogravimetric
analysis (TGA), for compositional and thermal stability studies, and
thermal mechanical analysis (TMA), for monitoring bulk property changes,
are also widely used. TMA, in pérticular, is useful in that it overcomes
the need to prepare free (ie detached) films for testing purposes; analysis
in this latter case involves the determination of the displacement profile
of a penetration probe on @ substrate-~supported film over a programmed

temperature range.
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CHAPTER 11

2.1 Experimental Technigues and Procedures

This chapter deals with the various experimental technigues employed

during the course of this work and can be conveniently divided into

three sections:-

1 Surface coatings systems studied - including details of formulation
and preparation.

2 Ageing environments -~ details of both the natural and artificial
weathering environments are given.

3 Analytical technigues - the procedures used in this study are

described.

2.2 Surface Coating Systems Studied

R range of experimental poly(vinyl chloride) plastisol coatings have
been studied in the course of this work and the formulation of each of

these coatings is given in Tables 1 and 2.

. The complete formulations 8 + 8¢, differing only in plasticiser

;~t0ntent, are intended to represent the basic fremework of a commercial
PVC plestisol coating manufactured and marketed by Vinatex Ltd, Havant,
Hants who kindly prepared these coatings as shown. The complete
formulation was then broken down into plasticised PVC alone and
plasticised PUC plus pigment and it is hoped that by doing this the
roles played by the various components of the coating during ageing

coulgdbe assessed.

It was necessary to incorporate a small amount of thermal stabiliser
into all the formulations initially for processing purposes. 1In the

case of those coatings which were to be considered as containing no



(36)

TABLE 1

List of PVC Plastisol Coatings Studied

Formulation Number

Formulation Description

Plasticised PVUC clear

Plasticised PVC + pigment

Plasticised PVC + pigment + uv and

thermal stabilisers

TABLE 2

Details of PVC Plastisol Coatings Studied

Formulation Details

Formulation
number
PyC . . . uv thermal*
resin Plasticiser Pigment stabiliser stabiliser
1 100 a0 - - 0.5
5 100 80 15 - 0.5
8 100 80 15 0.5 1.5
1t 100 50 - - 0.5
5 100 50 15 - 0.5
a 100 50 15 0.5 1.5
*See Note on Page3$
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thermal stebiliser after processing then only that amount of thermal
stabiliser was added which it was estimated would be consumed during

processing.

2.2.1 Preparation of Plastispol Coatings

The range of coatings described in Tables 1 and 2 was prepared using
an eight litre high-speed Papenmier Mixer and they were then applied
to each of the following substrates. (Sao QFPencjix I.Fkr cekbeidd

OF anfarahdn hujmmﬁuesl

2.2.1.1 Glass panels. These were both primed (by dip-coating with

British Steel Corporation's coil_ coat primer and curing at 225°C for
30 sec) and unprimed. These were suitable for analytical technigues
requiring a flat substrate, also the coatings could be easily peeled
off the uﬁprimed glass substrate and used for gel content measurements
and multiple internal reflection spectroscopy.

' i
2.2.1.2 Aluminium panels., Again these were both primed es previously

described and unprimed after pre-treatment with a thermo-setting epoxy
“: resin coating. These samples were especiaslly suitable for micro-

indentation studies.

2.2.1.3 Stainless steel panels. These were primed as previously

described and were used for weight-loss measurements where ageing

resistance of the substrate is necessary.

Wherever possible the PUC plastisol coatings were machine-coated
onto the various substrates to a film thickness of 0.008% using the

ICI Automatic Film Applicator, before being cured for 90 seconds at
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225°C.  This was however impracticable for the glass substrates and

for the less plasticised series of coatings due to rheologicel reasons.
In these cases the samples were hand-coeted to a film thickness of
0.007%-0.0039" using a bar applicator, before being placed firstly in
an oven for 10 minutes at 120°C and then cured for 60 seconds at

225°L.

The finished plastisol coatings were all glossy in appearance and

relatively soft in surface texture.

2.2.2 Formulation of raw materials

The components that go to make ub the PVC plastisol coatings used in

this study can now be described more fully.

2.2.2.1 Poly(vinyl chloride) resin

The PYC resin used in the preparation of these plastisol coatings is
a suspension polymer manufactured by Bush, Beuch and Segner Bailey

and marketed under the trade-name of ‘Vinngl P-70'.

i2.2.2.2 Plasticiser

The plasticiser used is an especially pure grade of di-iso-octyl
_?f7 phthalate (DIOP) manufactured by Albright and Wilson Ltd. Its varied
level of addition constitutes the difference between the two series
of coatings studied. The higher plasticiser content (80 pph of resin)
of Series I confers an ease of coatability, whereas the lower content
(50 pph of resin) of Series II is more in line with the level

incorporated into commercial PVC plastisol coatings.

2.2.2.3 Pigment

The pigment chosen is a white, rutile titenium dioxide grade
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(Tioxide R-CR3, British Titan Products Co Ltd) which it is clzimed has

. . b
outstanding chalk resastance115’12 . It is particularly well suited

for use in exterior plasticised coil coatings as it combines extremely

high opacity and gloss with durability at low pigment volume concentra-

tions12h.

2.2.2.4 Ultra-violet stabiliser

This is 2~(2'-hydroxy-5'-methyl phenyl) benzotriazole (I) marketed by

Ciba Geigy Ltd under the trade name of 'Tinuvin P!,

O >—
~x \
N CH. -

3
sy s s . . . 125
Its stabilising action is classed as being that of a 'uv-absorber!

or 'screening agent'.

2.2.2.5 Thermal Stabiliser

The thermal stabiliser used in these coatings is an organotin compound
di-n-actyl-tin-bis-2-ethylheptyl mercaptoacetate (II) manufactured by

ARlbright and Wilson Ltd, and marketed under the trade-name 'Mellite

-831'. 1Its powerful stabilising action of PVC is achieved mainly via

its rapid 'fixation' of evolved hydrogen chloride gas, which would

12 2
otherwise catalyse further chemical breakdown of the polymer 21 6.
CoHs
(n—CBHn)ZSn(S—CHz—tH(CHz)S-CDDCH3)2 (I1)

The coatings described here are designed to study their ageing charac-

teristics and while they can be regarded as being related to commercial
systems they are not directly comparable with them. In addition to

the components mentioned present-day commercial plastisol coatings also
contain filler resins, solvents designed for high speed coil coating

production and multi-component plasticiser systems,
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2.3 Ageing Environments

The types of ageing environment used in this study fall into two
distinct categories (i) natural weathering and (ii) artificial
weathering. The artificial weathering studies can then be sub-divided
into three further groups, (i) artificial weathering machine, (ii) uv
ageing cabinet and (iii) thermal and humidity ageing. (5Qc,l%7xunclu_ﬂ

For delad qf ulFra-volet @lﬁ‘ soorws ).

2.3.1 Natural Weathering

The natural weathering exposures described in this work were carried
out at the Building Research Station's exposure site. This is a semi-
urban site being relatively clean with the concentration of particulate
matter in the surrounding atmosphere being low. The samples were
mounted onto exposure racks inclined at QSD and facing south. These
standard conditions (ASTM D1435) ensure that for temperate climates
such as the UK the test specimens receive the maximum amount of solar
exposure throughout the year and that drainage of rain-water from the
sample surface is facilitated127. It has been suggestedl+ that
inclining the samples to obtain the maximum amount of solar exposure
'bdues_in itself introduce an element of acceleration to the outdoor
a;éfﬁering fest. This acceleration effect has been estimated as being

of the order of 20% over the first two years exposure for rigid PVC

plastics and varies for different polymer systems.,

2.3.2 Artificial Weathering

The artificial weathering techniques used in this study can be
regarded as two types, firstly using the BS 3900 Part F3 artificial
weathering machine and secondly those using similar apparatus designed
to expose the samples to just one or two aspects of weathering such as

uv or thermal ageing. These various artificial weathering technigues
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were chosen because of their likely value in aiding the interpretation

of the ageing characteristics of the test samples.

N

2.3.2.1 Artificial lleathering Machine BS 3900 Part F3 Artificial

Weathering Machine:-
This test method was originally dEVBloped128 as an artificial weathering
cycle capable of inducing, in a range of alkyd and olecresinous paint
films, changes which could be satisfactorily correlated with those
arising from natural weathering st varicus sites in the UK. The
weathering cycle is still used mainly for testing alkyd based paints
but it has alsoc been applied to a wider range of paint systems with
varying degrees of success. One limitation of the BS weathering cycle
is that it is found to be relatively slow when compared with other
artificial weathering cycles. Approximately 2000 hours of exposure
are necessary to induce changes comparable with two years natural

weathering in the UK |

The BS 3900 Part F3 weathering apparatus consists essentially of an

enclosed carbon arc light source atomised water spray and coing fan

.;ksee figure 8). The particular machine utilised in this work was that
which is located at the Building Research Establishment's Princes

45%1 Risborough Laboratory, Aylesbury, Bucks. Sampling of the test panels

was carried out initially at 500 hour and then later at 1000 hour

intervals.

2.3.2.2 UV Exposure Cabinet

The cabinet used in this work is illustrated in Plate 1 and was
supplied by Laboratory Thermal Equipment, Greenfield, Nr Oldham, Lancs,

and consists of a battery of 28 fluorescent tubes, each 2 feet in
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Figure B - Design layout of the B85 3900 F3 Artificial Weathering
Apparatus
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length, set in a circular arrangement around and 10 cm away from a
rotating sample support frame. The collection of tubes comprised a
symmetricall& arranged 3:1 combination of two slightly differing types
(a) 21 'Actinic Blue' (20 watt, Phillipps (GB) 20W/05) lamps and

(b) 7 'Sunlamps' 120 watt Westinghouse (USA) FS520). The spectral
output of this tube combination and arrangement has been found to
produce a reasonable match for solar radiation. An advantage of this
type of system over a single lamp source is that the tubes can be
progressively renewed four tubes (3 'Actinic Blue' and 1 sunlamp)
every 85 hours thus providing and maintaining & source of almost

constant radiation intensity.

The test samples used in this exposure were mounted on the rotating
drum opposite the central portions of the irradiating lamps, thus
ensuring that &ll of the samples received as constant an intensity of
radiation as possible. The samples were then tested at 500 hour

intervals.

2.3.2.3 Environmental Test Chamber

The environmental test chamber as supplied by Montford Instruments
Ltd London, is illustrated in Plate 2 and consists essentially of an
oven cavity (30 x 30 x 32 cm) incorporating a heating unit and an air
circulating fan. This apparatus has a very precise temperature
control accurate to + D.lOC throughout the oven cavity and variable
from -SDDC to SDDDC. Additionally the oven can be programmed to
cycle between two temperatures and to hold the extreme temperatures
for a set length of time. For this work the chamber was programmed
to cycle between 30°C and 70°C and to hold each of these temperatures

for three hours. Coding was facilitated by carbon dioxide and =
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complete cycle took approximately 10 hours.

The test samples were suspended in a sealed vessel above water to

create a humid atmosphere. The samples were removed for testing every

500 hours.

2.4 Characterisation Techniques

The analytical technigues which were employed during the course of this

work are now discussed.

2.4.1 GScanning Electron Microscopy (SEM)

Scanning Electron Microscopy proved to be a valuable technique for viewing
the changes taking place in the topography of the polymer surface during
ageing. Microscopic changes thus visible in the surface can then be

related to changes in other properties due to ageing.

The scanning electron microscope used in this work was the Sterecscan
Mark 2R instrument produced and marketed by Cambridge Scientific
Instruments Ltd and illustrated in Plate 3. The basic principles of its
operation, Figure 9, can be briefly summarised as follows. A beam of
electrons emerges from the electron gun under the influence of an
accelerating voltage of from 1 to 30 kv and this is then focussed by a
series of electromagnetic condenser lenses into a small spot on the
specimen surface. The incident electrons are partly reflected and
partly absorbed, with some re-emission of low energy secondary electrons.
The reflected primaries or the emitted secondaries are then collected by
a scintillator, with the strength of the signal received being dependant
upon the surface topography at the point at which the electron heam

impinges on the specimen. By applying a scanning motion to the electron
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beam, using the scanning coils, the signal strength varies with the
amplified signal being displayed photographically on a cathode ray tube
using a synchronous scanning motion on the tube display. Magnification

is changed by altering the amplitude of the scao on the specimen.

Samples for SEM analysis were mounted onto a small circular aluminium
stub (1 cm diemeter) with up to five samples on each stub in recognisa-
ble shapes. The surfaces were then covered with an electrically conduc-

ting layer as required for SEM analysis.

2.4.,2 Multiple Internal Reflectance Spectroscopy (MIRS)

MIRS was employed in this work in an attempt to study the chemical

changes taking place during ageing at the surface of the coatings.

A Perkin-Elmer Model 297 Infrared Spectrophotometer was used for the
study and this was fitted with a Model 9T Single Beam Multiple Internal
Reflectron Attachment129 supplied by Wiltec Scientific Instruments Ltd,
London, as illustrated in Plate 4. The internal reflectron element
used in this attachment is a 45° KRS-5 2 mm reflector plate composed

of a thallium bromide/thallium iodide eutectic mixture. A KR5-5
crystal is chaosen in preference to either a Ge or ZnSe crystal because
it yields the best spectra for the widest variety of samples and also
it is less brittle than the other crystals, flowing under mechanical

pressure.

To obtain a spectrum the KRS-5 plate was first carefully cleaned using
ethanol and then dried and polished using a soft felt cloth stretched
over a plane glass plate. This was repeated until a spectrum of the
crystal alone showed it to be free from contamination as shown in

Figure 10. The sample to be tested was then cut to the shape of the
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Figure 11 The profile of a sessile drop resting
on 8 paint surface

critical surface tension (d;) of coating surface can be calculated and

o 131
secondly the coatings surface free Energy23’ 31-139

together with its
polar and dispersive components can be found (where 6c is defined as
the surface tension of that liquid which just completely wets the solid
surface). It is to obtain the surface free energy of the solid phase
that contact angles made by two different liguids are obtained. UWater
and methylene iodide are usually chosen for this because of their
widely differing polar and dispersive components of surface tension.
Changes in these components should theoretically yield information

about the changes in polarity at the surface brought about by ageing.

The surface free energy - its components were obtained by using the
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Owens and Wendt equation.

There are however scme experimental difficulties with this technique,
firstly contact angle measurements are extremely sensitive to any
surface contamination and so consequently all samples have to be very
carefully cleaned and dried before any measurements are possible.
Secondly contact angles are also affected by surface roughness and in
an ageing study this is a significant factor and makes their accurate

measurement more difficult.

This second effect has been guantified by Wenzel and he has developed
a relationship between the macroscopic surface roughness factor (r) and
the measured contact angles for rough (8') and ideally smooth (8)

surfaces

_ cosB!
cosB

Theoretically then this technique should provide valuable information

regarding changes in polarity and rugosity of the surface during ageing.

2.4.4 Goniophotometry

This is the most informative and precise technique available for the
measurement of the gloss of a surface and was the main analytical

technigue used throughout this project. The goniophotometer used in

the present study is a converted Brice-~Phoenix light-scattering photometer

illustrated in Plate 7, which is in many ways ideally suited for this
type of work. Strictly this instrument should be called a spectro-
goniophotometer as it is capable of measuring reflectance as a function

of wavelength as well as of incident and reflected angle.

The essential features of the high performance goniophotometer obtained

by modification of the Brice-Phoenix light-scattering photometer
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(Series 2000) are shown in Figure 12.

A light beamAFrom the lamp A passes through a preselected wavelength
filter (B) and shutter unit (C) into a collimating tube (E), incor-
porating @ removable polariser and slit aperture (F) the width of which
may be varied. The light impinges on the sample mounted at (G) and is
thereby reflected, scattered or transmitted, its intensity being measured
as a function of the scattering angle by a photocell (H). The intensity
of the light beam is controlled by a series of neutral filters (D).

The photocell which may be rotated through an angle of 270° has a
removable analyser and variable slit aperture (I). The signal from the
photocell is amplified and regisiered on a galvanometer or chart

recorder.

The specimen mount has 8 brass base, calibrated at 15D intervals
illustrated in Plate 8, which is located positively on the specimen
table (g) and which is designed in its naormal use to take a glass cell
with a square base. The specimen holder which cen be rotated through
360° fits onto this base and will take any optically flat specimen up
to @ maximum thickness of 2 mm. The mount was coated with matt black
paint to érevent any stray light reflections from it reaching the photocell
In this study both the pigmented and unpigmented coatings studied were

mounted onto an aluminium substrate.

The ability to reduce the size of the incident beam is limited principally
by the sensitivity of the instrument but a 1 mm radius circular beam

gives adequate sensitivity and enables small areas of the polymer surface
to be examined. In studies where the sample must be successively

examined (eg in ageing studies) then an alignment mark on the mount and

sample support facilitates reproducible mounting of the specimen.
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A typical curve ohtained from the goniophotometer is shown in Figure

13 and a summary of the terms used in the interpretation of goniophoto-

a

metric data is given.
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Figure 13 A typical goniophotometric curve

1 Specular reflectance (Is - intensity units)

This is defined as the maximum angular reflectance from the sample,

which occurs at or near to an angle equal to the angle of incidence

of the illuminating light. It is the specular component of a surface's
overall gloss that a gloss meter measures, and it also corresponds to

the visually perceived brightness of an image observed on reflection

at the sample surface.



2 Specular engle (degrees)

This is the angle at which specular reflectance occurs, which for 8
perfect mirrér surface will be an angle egual to the angle of incidence.
In most cases however surfaces are imperfect eand so there will be a
slight difference between the specular angle and the angle of incidence.

3 Angular Displacement (degrees)

This is the difference between the angle of incidence of the illuminating

light and the specular angle.

4 Diffuse reflectance (Id - intensity units)

In this work the diffuse reflectance (Id) is taken to be the reflectance
which occurs at an angle of reflection of 0% ie along the normal to the
sample surface. This represents the background reflectance which is
seen visually by an observer as 'haze' which impairs the sharpness of
the image definition. 1In theory diffuse reflectance is all reflection
which occurs at an angle other than the specular angle.

5 Peak height (IS—I intensity units)

d’
The goniophotometric peak-height represents the component of a sample's
reflectivity which occurs in the specular region and which despite being
super%mposed on & background of diffuse reflection lends itgelf to the

surface's mirror imaging capability.

6 Peak width at half-height (m%, degrees)

This provides a measure of the extent to which a surface spatially
distributes around the specular angle light which is incident upon it.
In visual terms the specular reflectance and peak height are related
to the brightness of an image viewed at the surface, whereas the
sharpness of an image is related to the peak width.

7 Gloss factor (GF, intensity units/degrees)

This is obtained by dividing the peak height by its width at half its



height

The gloss factor therefore encompasses both the brightness and sharpness
of the image producing capability of a surface in one term. It is
therefore the most meaningful goniophotometric parameter in terms of

its potential correlation with visual gloss ratings.

The effect of surface defects upon goniophotometric data

When a high-gloss paint is weathered the initial change in goniophioto-
metric data is a reduction in specular reflectance and a lowering of

the peak-height. This is seen visually as a dulling of the surface.
This effect can be attributed to the formation of microscopically small
defects at the surface of the film whose size are smaller than the
wavelength of the incident light. These micro-defects reduce IS by
removing energy from the incident light beam by means of diffraction
and/or Mie-type scattering processes. The surfaces specular reflectance
and peak height continue to decrease as more of these micro-defects

occur at the surface of the film.

Eventually however these defects reach a size larger than that of the
wavelength of the incident light and at this stage they become known as
macro~defects. These macro-defects are now capable of causing angular
divergance of the reflected beam and this shows itself visually as a
loss in sharpness of an image seen at the surface of the film. At this
stage the peak-width begins to increase and the overall shape of the
goniophotometric peak changes from a sharp triangular shape to a

broader curved profile.

The ageing deterioration process continues until the film can be seen

visibly to be degraded with the imperfections increasing in size and



number, by this stage the film will have putlived its usefulnecs.

2.4.5 mgigh£ Loss Measurements

Weight-loss measurements were carried out on PVC plastisol coatings,
both naturelly and artificially weathered, which were coated onto
weather-resistant stainless steel substrates. The weighings were
carried out on an analytical balance accurate to four decimal places.
The weight changes were then expressed as an overall percentage weight
change. Previous to any weighing the samples were very carefully and
gently cleaned under running water to remove all traces of loose debris

from the surface. This was very_ necessary for the outdoor exposures,

especially since the coatings are relatively soft and so tend to harbour

debris on their surface. UWeight-loss measurements thus enabled a close
check to be maintained on the loss of plastisol from a coating by

volatilisation and leqéhing from the surfacee.

2.4.6 Thermal Analysis

The thermal analysis of the PVC plastisol coatings was carried out to
determine any shift in their glass transition temperature on ageing.
The instrument which was used for this work was a Perkin-Elmer DSC-2
Differential Scanning Calorimeter fitted with a liquid nitrogen sub-

ambient accessory, illustrated in Plate S.

The test samples were heated under a helium atmosphere over a tempera-
ture range 160-350°K at a rate of 20%/min and the thermograms were
recorded. A sample's glass transition temperature was seen &8s a
step-wise change in the recorded base-line, the temperature at which
this occurred being taken as that temperature at which the change in

heat capacity of the sample was at its mid-point.
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o.4.,7 Micro-indentation - Recovery/Time Analysis

A micro-indentation technigue was employed as a means of mechanical
testing of tﬁe samples. The instrument used was an ICI Pneumatic micro-
penetrometer illustrated in Plates 10 and 11, which provided an automatic
record of, initially, the indentation Qﬂm), followed on removal of the
indentor load, by the sample recovery profile over 1 min. The coatings
used in this test were coated onto aluminium sheets and then circular
discs were cut out after ageing. An indentor of radius 0.132 cm was

used and an indentation time of 1 min. Because of the extremely soft
nature of the coatings a smaller indentor was unable to register the

small changes that occurred in hardness during ageing.

The mechanical properties of a material can be determined by examining
the deformation of 8 specimen responding to a defined stress and in the
case of a spherical indentor, the relationship between the load applied
to the indentor, the radius of the indentor and the depth of the
indentation, in terms of the modulus of a perfectly elastic materiael, as

derived by Hertzqho is

where E = Young's modulus of the specimen
w = Poisson's ratia
m = load applied
r = radius of the indentor
h = depth of indentation

and g = gravitational constant

The depth of indentation therefore is an indication of the hardness of

a paint film. The greater the hardness of the sample, the lower will
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energies of the pigmented coatings of series I fall slightly in the
first 12 months of the exposure to natural weather due to the sharp fall
in polar combnnent of the surface free energy compared with the slight
rise in the dispersive component. This trend is however reversed after
12 months when both pigmented coatings show an increase in surface free
energy (less pronounced in the case of the stabilised coating) followed
after 18 months by no further change. The stabilised coating also
shows no change in surface free energy between the 6 and 12 month
exposure periods. This is due to the increase in the polar component
of the surface Ffee energy counter-balancing the fall in the dispersive
component. In this case the total surface free energy masks the under-
lying trends of the polar and dispersive components. Similarly after
18 months weathering the lack of apparent change in the surface free
energy is again due to the opposing polar and dispersive effects. This
time however the polar component of surface free energy is falling
while the dispersive component increases at the same rate. The unpig-
mented Series I surface coating shows a steasdy increase in surface free
energy for the first 9 months of the exposure, after which time the

7 increase becomes very marked reaching a value of 72.5 dyne cm-1 after

fiB months exposure. It isvat this time that the ligquids used for the
bdeterminatinn of surface free energy spread spontaneously over the
coating. As can be seen Framﬂjpm;fh'ﬁthe dramatic rise in surface free
energy is due mainly to the large increase in the dispersive component
compared with the lesser fall in the polar component of surface free

ENETgy.

The surface coatings of series II have much lower totsl surface free
energies initislly compared with those of series I due to the lower

values of the polar component. The dispersive component of surface free




energy exhibits similar behaviour for both the unpigmented and pigmented
series II coatings, that is an initial increase in dispersive free
energy durind the first 3 months of exposure followed by only a slight
jncrease in the remaining 15 months of the exposure. The dispersive
energy of the unpigmented sample in fact falls slightly towards the end
of the exposure periocd. The polar energy of the pigmented coatings in
contrast rises steadily throughout the exposure. That of the unpigmented
coating however behaves in a similar way to its dispersive compaonent of
surface free energy, that is rising sharply during the first 3 months

of exposure and then rising only slightly during the remaining 15 months
of natural weathering. These trends are further illustrated by the
changes in total surface free energy exhibited by the coatings during

their 18 months exposure to natural weathering as shown by figure 22.

The results for surface free energy measurements should be considered

in the light of corresponding literature data relating to rigid

(unplasticised) PUC1Q1.

HZD contact angle - 870
CH,I, contact angle - 36°

2
o ) zd

¥

40 dynes r:m-2

1.5 dynes t:m-2

As can be seen from these figures the main difference from the initial
values obtained in this work is the CH212 contact angle for the Series II
surface coatings. This is much higher in the case of the plasticised
samples and is also reflected in the lower value of the dispersive
camponent of the surface free energy. It seems apparent therefore that
the differences noted here between these results and those for rigid PVC

may be ascribable to the effect at the coating surface of the aromatic
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and aliphatic hydrocarbon groups as opposed to the ester groups of the

diispoctylphthalate plasticiser.

a

The differences and the changes in the surface free energy of the
coatings will be further discussed in Chapter VI in the light of

information obtained by using various ather analytical technigues.

3,5 Thermal Analysis

Thermal analysis of the naturally weathered samples was carried out

using a differential scanning calorimeter to measure their glass transi-
tion temperatures as previously described. The results forthe unpigmented
series I coatings were obtained by R Molloy1 and are described in his

PhD thesis. Glass transition temperatures of both pigmented and unpig-
mented samples of series II were obtained during the course of this work
and the results are shown in Table 3 along with those obtained by

R Molloy1. In all cases the values shown are the mean Tg of several

determinationse.

As can be seen from Table 3 the glass transition temperatures of the
i;pnpigmented coatings show little change during the first 12 months of
tnaturél weathering, but then rise sharply. The unpigmented PVC plastisol
coatings of series II have higher glass transition temperatures than
those of series I as waould be expected due to the lower plasticiser
content of the series II coatings. The addition of pigment to the
samples does not affect the initial glass transition temperature but
does appear to give the coatings more resistance to weathering as there
is no change in the glass transition temperature of the pigmented
coatings throughout the exposure. This evidence correlates with the
visuai appearance of the samples after 18 months outdoor exposure with

the pigmented samples appearing to be intact compared with the unpigmented
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sample which is beginning to show signs of degreadation.

3.6 Weight Loss

weight loss measurements were taken in the hope that they would provide
valuable information regarding the loss of plasticiser from the sample
surface during weathering by for example volatilisation and leachinge.
However as reported in R Molloy's PhD thesis1 the results given by

the series 1 coatings (higher plasticiser content) were invalidated

by the tendency of the samples to retain trace amounts of dirt both on
and in their sur%aces. The second series of coatings with their lower
plasticiser content did not exhipit the same tendency to retain dirt

in their surface and the overall percentage weight changes shown by
them are seen in Figure 23. This reveals a steady but different rate
of weight loss throughout the exposure by the two pigmented coatings,
the stabilised coating showing a greater rate of weight loss than the
unstabilised. The unpigmented coating in contrast shows a slight initial
gain in weight followed by a steady loss which increases sharply after

8 months before resuming its former rate of loss after 9 monthse. The

;.pnpigmented coating shows the greatest less in weight by the end of

the exposuree

3.7 Micro-indentation - Recovery/Time Analysis

A spherical indentor was used in this study to obtain the deformatiaon
of each of the samples under various loads, from 1 g to 16 g depending
upon the rigidity of the sample. The deformations for three different
loads were obtained for each sample and for pach load at several

different points on the sample surface. Young's modulus of elasticity

was then calculated for each sample using the Hertz equation
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where E = Young's modulus of elasticity
O = Ppisson's ratio for the material

m = load
g = gravitational acceleration
r = radius of the spherical indentor

h = depth of indentation

In each case the depth of indentation was taken as the depth between the
indentation and the recovery. Figure 24 shows a plot of E/1~c? against
length of exposure for each of the samples. As can be seen the different
levels of plasticiser in the two series of coatings has not made a

great difference to their elasticity with the more highly plasticised
coatings of series I appearing to be only slightly less rigid than the less
plasticised series II coatings. Throughout the exposure the only sample
which appears to undergo any significant change is the unpigmented

coating from the second series of samples (lower plasticiser content).

This after a drop in rigidity during the first 6 months of exposure

':fpecomes increasinly more rigid until by the end of the outdoor exposure

'Young's modulus for the sample has increased significantly. It is

_linteresting therefore to compare the initial indentation-recovery

profile of this sample with the profile obtained after 18 months exposure

to natural weathering, these are shown in Figure 25.

The indentation-recovery profiles were both obtained using a load of
L g. In both cases there is insufficient recovery time for the sample
to recover completely after the load has been removed but in the case

of the unexposed sample both the indentation and recovery are greater
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Figure 25 - Micro-indentation/Recovery Profiles for a Naturally Ueathered
unpigmented PVC plastisol surface coating (series I1)
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than for the sample exposed to natural weather for 18 months. This
reflects the increasing rigidity of the samples and confirms the visual
appraisal of ‘the surface which is becoming degraded and covered with
small brown spotsf%nd 18 months exposure.

The failure of any of the remaining samples to show any significant
changes in rigidity during the exposure is probably due to the relatively
soft nature of the coatings so that considerable changes with the
coatings would have to take place before they became measureable., The
results obtained also show that the low level of pigmentation used in

these samples has little or no rigidifying effect upon them.

3.8 Gel Content

The gel contents of the series I coatings which had been naturally
weathered for periods up to 29% months in length were measured. The
method of determining the gel content is described in Chapter II, page 65,
The coatings used in this determination had been coated onto 8 glass sub-
strate without primer and so were easily removed. The results of the

determination are shown in Figure 26, a plot of gel content against

1"éxposure time. The gel content is calculated as a percentage of the

total weight of the coating.

During the exposure the gel caontent of the two pigmented coetings does
not change appreciably but remains about 30% of the total weight of the
coatings. A change is seen however in the gel content of the unpigmented
coating with a fall after 9-12 months exposure to natural weatheringe.
This evidence would therefore suggest that the PUC plastisol surface

coating is not forming cross-links as a result of the ageing process.




(54)

O Plasticsad PNC alona
?bDFILISQC' WC -+ P\ijmanf
Photic imecl PVC + Pj mant -

uv C(r‘)C[ ‘Hq_grmql b(‘abdlbO.rbl

»
0
7o |

L
(o]
T

Gel content (percentage)
»
Qm
H W,‘J
4
B

2 A & 8 10 12 14 6 B 20 22 24 26 23 20O
Length of exposure (months)

Figure 26 - Gel content of naturally weathered PVC plastisol
surface coatings




(85)

The next two chapters of this work will describe compareble results
obtained for corresponding artificially weathered samples after which

the combined results of these three chapters will be discussed.




CHAPTER IV

THE ARTIFICIAL WEATHERING OF POLY (VINYL CHLOKIDE)

PLASTISDLQSURFACE COATINGS USING THE BS3900 PART F3 WEATHEROMETER

4,1 Introduction

The previous chapter looked at the natural weathering of PVC plastisol
surface coatings, and to complement those results the artificial
weathering of the same series I and series II coatings will be studied in
this chapter. The coatings which were artificially weathered were of the
same formulation és those naturally weathered, that is:

(1) plasticised PVUC alone

(2) plasticised PVC + pigment

(3) plasticised PUC + pigment + uv and thermal stabilisers.

Again samples from the series 1 and series 11 coatings were used differing
only in their level of plasticiser. Each of the coatings was exposed to
artificial weather in the BS 3900 Part F3 artificial weathering apparatus
for periods up to 10,000 hours in length for the Series I coatings (more

highly plasticised) and for periods up to 4,000 hours in length for the

“—geries II coatingse.

‘Analysis of the coatings was carried out by means of goniophotometry,
_micro-indentation, contact angle measurements, scanning electron

microscopy and weight loss measurements.

4.2 Goniophotometry

The goniophotometric results discussed in this chapter were all obtained
using the converted Brice-Phoenix light scattering photometer previously
descriped (Chapter 11 page 56). In the case of the Series II coatings a

narrower beam of incident light was selected to impinge upon the sample




pecause of the irregular brush marks in the surface of the coating.
1t was felt that the use of a wider beam, such as that used for the

series I coatings, could distort the results obtained.

A plot of specular reflectance against exposure time for each of the
series of coatings can be seen in figure 27. The values of specular
reflectance for corresponding formulations of each series of coatings
cannot be directly compared because in the case of the series I coatings

a wider beam was used for the incident light. The overall trends shown

by each series of coatings however can be compared. Considering first the
series I coatings, (more highly plasticised 80 pphr), all three formula-
tions of surface coating show a similar pattern of behaviour, that is an
initial sharp fall in specular reflectance followed by a lesser rate of
falle Superimposed upon this lessening specular reflectance is a cyclic
pattern of behaviour showing periods of greater and lesser decreases in
specular reflectance. The length of this cycle varies for each of the
coating being over a longer period of time for the pigmented coatings

than for the unpigmented coating. At the end of the 10,000 hour exposure
it is interesting to note that both the pigmented and unpigmented cocatings

- heve a specularareflectance of about 75 intensity units despite the fact

that visually the unpigmented sample appears to be more extensively

degraded.

The series II PVUC plastisol surface coatings were exposed for periods

up to 4,000 hours in length and as can be seen from figure 27 the specular
reflectance of each of the coatings did not drop appreciably during this '
time. Again each of the samples exhibited cyclic patterns of behaviour
showing alternating periods of recovery and deterioration. The length

of the‘cycles are in these cases less than in the case of the corresponding

series I coatings. As previously mentioned the lower values of specular
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reflectance exhibited initially by the series II coatincs, compared with
the corresponding series 1 coatings, are due to the incident light forming

-

a narrower beam on the series II PVUC plastisnol coatings.

The veriations shown in diffuse reflectance shown by each of the coatings
throughout the exposure are insignificant when compared with the much
greater changes in specular reflectance. The changes in peak width at
half-height are more significant particularly for the more highly plasti-
cised coatings however as shown by figure 28. Each of the series I
coatings shows an increase in w% throughout the 10,000 hour accelerated
weathering exposure. Each of the coatings has an initial m% value of

3.5 and after 10,000 hours exposuée they each have a m% value of
approximately 6.2 suggesting that macro deformations of the same order
are taking place in the surface of each of the coatings. The behaviour
of each of the coatings throughout the exposure differs however with a
cyclic pattern of behaviour again being superimposed upon the general
trend of an increase in w%. This pattern of successive improvements

and deteriorations in the peak width at half-height is most pronscunced

_for the two unstabilised coatings but is still present for the stabilised

'tﬁdatiné alfhough each cycle covers a longer time period. This pattern

6? behaviour is due to the formation of macro-defects in the surface of
“the coating being gradually smoothed away as they increase in size before
further macro defects are formed which again increase the peak-width at
half-height. Figure 29 shows how the shape of the goniophotometric
curves obtained from the samples at stages throughout the exposure

thanges reflecting both the loss of gloss and formation of macro-defects

in the surface. This shows how the unnirmented coatine of the rore
urgnly prasiiclsed series oi coctings shows a loss of gloss and

Increase in necro—defect forrmuation towards the end of the exrosure.

As can be scen the series 11 coatings
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exhibited & cyclic behaviour during the exposure with regard to peak

width at half-height with the values after 4,000 hours being anly slightly
higher than the initial values. This cyclic behaviour is most proncunced
for the pigmented coating whose cycle is the shortest and the one with

the greatest variation in m% between the peak and trough heights. The
cycles in the cases of the unpigmented and the stabilised coatings are
less pronounced and stretch over a longer period of time. The goniophoto-
metric curves obtained from the pigmented sample after 1000, 1500 and

2000 hours respectively are shown in figure 29 and reveal clearly the
changing peak width at half-height. If the exposure of the series II
coatings had been allowed to continue for 10,000 hours as was that of

the series I coatings then it is probable that the more dramatic changes
in w% exhibited by the series I coatings would also have been exhibited

by the series II coatings.

A plot of gloss factor against exposure time for each of the coatings
is shown in figure 30. Comparing this with figure 27 a plot of specular
reflectance against exposure time it can be seen that the two plots for
uéééch coating are very similar. This shows that the predominant factor
W;§§ the gloss factor is the specular reflectance of the coating and that
the peak width at half-height is a lesser contributing factor. The gloss
fféctors of each of the series I coatings show a fall in value throughout
the exposure, the final values being less than 5% of their initial
values. Turning now to consider the gloss factors of the series II
coatings it can be seen that after 4,000 hours exposure the stabilised
coating has lost only 30% of its gloss factor while the unstabilised
pigmented coating has a gloss factor eguivalent to its initial gloss
despite having had intermediste falls in gloss by a&s much as 67%.

The cyclic fluctuations in gloss factor are particularly pronounced for
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this pigmented unstabilised coating but do occur to lesser degree in the
other coatings. The unpigmented coating shows 8 LO% loss of gloss factor
at the end of'h,DDD hours exposure to artificial weathering. In this
case the recovery phase of each cycle causes a much lower increase in
gloss factor compared with the decrease in gloss factor shown in the
downward phase of each cycle. It is interesting to note that after

4,000 hours the gloss factors of the series I coatings (with a higher
plasticiser content) had each fallen to less than 50% of their initial
values, and that these values are comparable with the gloss factor values
of the series II éoatings after 4LODOD hours exposure. The more highly
plasticised series of coatings having much higher initial gloss factor

valuese.

4,3 Micro-indentation

All the recovery-time analysis results discussed here were obtained using
an ICI Pneumatic micro-penetrometer with a spherical indentor of radius
0.132 cm. For each sample recovery profiles were obtained from three
different loads at several points on the sample surface. The height
between indentation and recovery was used in esch case to calculate

Young's modulus using the Hertz equation

3
L E-%?%S (see chapter I1I pp 90)
1-3 r°h =

E

1-F

ratio, is constant the curves can be treated as a plot of Young's modulus

Figure 31 shows a plot of

against exposure time and as » , Polissons

against exposure time displaced along the y axis by a constant factor of
(1-S2). None of the more highly plasticised series I coatings show any
change in rigidity until 5,000 hours of exposure to artificial weathering

has elapsed. After this length of time each of the samples shows an
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increase in Ypung's modulus and therefore in rigidity, followed by,

after verying lengths of time, a fall in Young's modulus. A cyclic
pattern cf behaviour is again revealed by each of surface coatings as

the value of Young's modulus successively incresses and decreases. This
is less pronounced in the case of the unpigmented coating, the value of
the modulus being stabilised rather than increasing at the end of the
cycle. It is likely that the extremely soft nature of the coatings
prevent any changes taking place in the first 5,000 hours of exposure
being analysed. It is not until after this length of time that the
surfaces become rigid enough for changes to be discernible. The lower
level of plasticiser in the series II coatings does however allow earlier
changes to be observed. The pigmented coatings show a slight increase in
Young's modulus throughout the 4,000 hour exposure but it is the unpig-
mented PVC plastisol coating which shows the largest change in modulus.
An initial rise in modulus is followed by a period of stability before

a sharp rise leads to a maximum and then an even sharper fall in modulus
to, after 4,000 bhours of artificial weathering, a value of Young's

modulus similar to the initial valuee.

It is interesting to note that the pigment added to some of the surface
coatings does not appear to have had a rigidifying effect and that
despite the lower level of plasticiser in the series II coatings they

do not appear to be appreciably more rigid initially.

L.t Surface Energetics

Contact angle measurements were made using a sessile drop technigque and
8ll contact angles measured were taken to be eguilibrium advancing
Cantact angles. The measurements were made using a goniophotometric

Byepiece which gives accuracy to + 20. Five plots are shown for each
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surface coating, these being water contact angle, di-iodo-methane
contact snole, dispersive component of surface free energy, polar

component of surface free energy and total surface free energy all

ageinst exposure time, in figures 32-~36 respectively.

As can be seen from figure 32 the water contact angles of the series 1
and series II coatings are initially all between 80® and 90° showing
that the differing levels of plasticiser in the coatings does not have
any measureable effect on the water contact angle. Considering first
the pigmented coatings of series I it can be seen from figure 32 that
there is little change in water contact angle during the first 5,000
hours of exposure to artificial méathering. This is then followed by

a steady increase in their wettability by water until, in the case of
the stabilised coating, after 10,000 hours spontaneous spreading of the
water over the surface occurs. In the case of the pigmented series 11
coatings a small increase in wettability by water is observed during
the 4,000 hour exposure. The unpigmented samples of the two series
however show differing patterns of behaviocur, the more highly plasticised
series I coating showing little change in water wettability throughout
fhe 10,000 hours, while the series I1I coating shows a steady increase

in wettability throughout its 4,000 hour exposure.

The wettability of eéch of the PVC plastisol surface coatings by di-iodo-
methane is shown in figure 33 and as can be seen in this case the level of
plasticiser has affected the behaviour of the coatings. The more highly
plasticised series I coatings are initially more wettable by di-iocdo-
methane, than are the less plasticised series II coatings, as shown by

the lower contact angles. After 4,000 hours exposure to artificial
meathe£ing however the more highly plasticised coatings are only slightly

more wettable by di-iodo-methane than their less plasticised series II
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counterparts. The di-iodo-methane contact angles of the series 11
ccatings fall initially until after 2,000 hours exposure to artificial
weathering the wettability of the coatings by di-iodo-methane achieves
a stable value. In contrast the wettability by di-iodo-methane of the
more highly plasticised series I coatings gradLally . creases until

after 6,000 hours exposure to artificial weathering no further increase

in contact angle is seen.

The results obtained for both water and di-iodo-methane should be consi-
dered in the light of corresponding results for rigid (unplasticised) PVC
which are:

‘87°

H 0 contact angle

CH,I cantact angle 36°

272

5ol 40 dynes (:m_2

GF - 1.5 dynes r:m-'2

From these it can be seen that the addition of plasticiser to the coatings
primarily effects the di-iodo-methane contact angles and that it has
little effect upon the water contact angles. It also appears that the
.égditinn of pigment to the coatings has little effect upon either the

water or di-iodo-methane contact angles.

The changes which occur in the surface free energies of the coatings
resulting from the exposure to artificial weathering are now discussed.
The results obtained are shown in figure 36. The total surface free
energies of the series II coatings are initially lower than those of the
series I coatings because of the lower components of dispersive free
energy. The polar components of surface free energy are initially
insignificant for all the coatings having values of between 1 and 4 dynes
Cm—1. The surface free energies of the series II coatings show a gradusl

rise throughout the 4,000 hours until at the end of this time they have




(112)

free energies comparable with their series I counterparts. For these
coatings the gradual increase is attributable to a gradual increase in
both the polar‘and dispersive components of surface free energy during

the exposure. The more highly plasticised series I coatings show, in
contrast, an initial fall in surface free energy during the first 5,000~
6,000 hours of exposure to artificial weathering. This is followed in the
case of the pigmented coatings by a sharp increase in free energy. This
behaviour is attributable to a small but steady decrease in the dispersive
component of surface free energy coupled with after 6,000 hours exposure

a sudden increase in the polar component. The unpigmented coating does
not show this increase in surface free energy towards the end of the
exposuTe but. shows a stabilising of the surface free energy. Again a
cyclic pattern of behaviour is superimposed upon the overall trend of the
series 1 coatings' behaviour the length of the cycle varying from 2,000
hours for the stabilised coating to 5,000 hours for the unpigmented

coating.

4.5 Scanning Electron Microscopy

Spanning electron microscopy of artificially weathered samples was carried
ﬁLt using the Stereoscan Mark 2A instrument previously described.
Stereoscan micrographs were obtained for each of the coatings during

the final stages of exposure, that is after 4,000 hours for the series II
coatings and from 6,000 to 10,000 hours for the series I coatings.
Magnifications ranging from x200 to x1000 were employed to obtain the
micrographs shown in Plates 12 to 32. The length of exposure and

magnification are given alongside each micrographe.

On comparing the series I micrographs it is noticeable that the surface

of the unpigmented coating is more pitted and marked after 6,000 hours
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exposure than is that of the corresponding pigmented sample after the
same length of time. Traces of debris can be seen adhering to the
unpigmented coating which is itself showing signs of breakdown. After

a further 1,000 hours exposure to artificial weathering the surface takes
on @ more pitted appearance, the pits being surrounded by areas in which
the coating has not yet been eroded. This situation is reversed after
8,000 hours however with the areas of deep erosion having spread to
surround islands of less eroded surface. After 9,000 hours exposure to
artificial weathering the surface coating can be observed to be breaking
down completely the end result of which is observed after 10,000 hours as
a break in the coating through which the substrate is revealed. This
cracking and breaking down of the surface confirms the visual appearance of
the surface coating which after this length of time is discoloured and

covered with small brown speckse.

The pigmented coatings also show deformations in their surfaces after
10,000 hours exposure but not to the same extent as the unpigmented
sample. Both the stabilised and the unstabilised coating show a network
‘of ridges across the surface, those in the stabilised coating being
';érfanged in an hapha;ard manner., In the unstabilised coéting however
éhe ridges radiate from a number of pit marks which coQéf the surface
and one of which can be seen in the micrograph. These marks appear to
contain some debris which is embedded in the surface accelerating the

rate of degradation.

The series II coatings show less uniform changes across their surfaces
during the 4,000 hour exposure and as can be seen from the micrograph
degradation of the surfaces is taking place in small isolated areas and
not over the entire surface as in the case of the series I coatings.

The pigmented coatings show deformations in their surfaces only under
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results with those of the specular reflectance for the same coatings
when it can be seen that the initial sharp fall in specular reflectance
is accompanied by a stable peak-width at half-height and that the sharp
increase in peak-width occurs when the coatings have lost most of their
glossiness. The loss of gloss is not therefore associated w:th the
formation of macro-defects in the surface which would cause an increase

in peak-width.

The plot of gloss factor against exposure time again shows that the
predominant factor is specular reflectance and that peak-width at half-
height has a less marked effect upon gloss factor. It can be seen that
the unpigmented coating has a higher gloss at the outset of the exposure

and that it retains its gloss better than the other two coatingse.

5.2.2 Contact Angle Studies

Water and Di-icdo-methane contact angles were measured for each of the
coatings using the sessile drop technigue. The advancing contact angles
were measured using a2 goniophotometric eyepiece and for each surface an

average was taken of several determinations on that surface. Plots of

i

~Amaféi'coﬁtac£-éngle,;di-iodd-methane contact angle, polar component of
éurface free energy, dispersive component of surface free energy and
‘surface free energy, all against exposure time are shown in figures
41-45. Again the most striking feature in each of the plots is the cyclic
pattern of behaviour displayed by coatings with successive increases

and decreases in surface free Energye. Other trends upon which this

behaviour is superimposed will now be discussede.

Initially the water contact angles have the same values for each of the
threeLcoatings and in each case the value of the water contact angle

falls during the exposure to uv radietion showing an increase in
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wettability by water. The unpigmented coating being more wettable than
the two pigmented coatings at the end of the exposure period. The
wettability éf each of the coatings by di-iodo-methane is only slightly
more at the end of the exposure than at the start although for the
pigmented coatings it does vary during the exposure. For these coatings
the di-iodo-methane contact angle falls to around 28° during the first
1,000 hours exposure to ultra-violet radiation and remains at this value
until after 4,000 hours when it rises again to near the original value

showing first an increase in wettability followed by a decrease.

This behaviour is reflected by the surface free energy of the coatings
which in each case shows a graduél increase throughout the exposure, the
unpigmented coating showing the largest increase in surface free energye.
This increase is, in the case of the clear coating, dominated by the large
increase in the polar component of surface free energy, the dispersive
component falling slightly during the exposure. For the pigmented
coatings however both polar and dispersive components of surface free
energy rise during the first 4,000 hours of the exposure to ultra-violet

radiation after which the polar component increases and the dispersive

_component decreases leading to an overall increase in surface free energy

during this period of time.

5.2e3 Micro-indentation

As described in Chapter I1II, p 88 & spherical indentor of radius 0.132 cm
was used in this study under various loads. Several determinations were
made at different loads. Young's modulus of elasticity was then calculated
for each of the coatings using the equation:

—-E-=?-—-Tf-:,
1Y 4 o

r°h




(148)

AR plot of E/1—02 against exposure time is shown in figure 46 for each of
the coatings. Initially the unpigmented coating is more rigid than the
two pigmentea coatings whose rigidity does not change appreciably during
the first 4,000 hours of exposure to ultra-violet radiation. After this
time however the rigidity of the stabilised coating begins to rise rapidly -
until after 5,000 hours exposure it is the most rigid of the three
coatings. The unstabilised pigmented coating in contrast continues to
show 1little variation in rigidity during the final 1,000 hours of the
exposure. The rigidity of the unpigmented coating rises gradually during
the first 3,000 hours of the exposure before showing a more rapid increase
during the final 2,000 hours exposure to ultra-viclet radiation. Again

it can be seen that superimposed upon these general trends is a cyclic
pattern of behaviour, more pronounced for the unpigmented coating but

still discernible in the behaviour of the pigmented coatings.

5«3 Exposure of PUC Plastisol Surface Coatings to Thermal Radiation
in the presence of Humidity

As previously mentioned in this chapter each of the three coatings,

unpigmented, pigmented and pigmented with the addition of uv and thermal

;stabiliseré were exposed to thermal radiation in the presence of humidity
?;r a total of 1,000 hours. This exposure was carried out towards the
end of the study of PVC plastisol surface coatings and with each 1,000
hour exposure taking 6 weeks there was insufficient time available to
prolong this exposure. The samples exposed to thermal radiation were
studied using a goniophotometer with a narrow beam of incident light.

The results are shown in tables L-6., As can be seen the gloss factor

of each of the coatings rises during the first 500 hours of the exposure

before falling in the case of the pigmented coating and continuing to rise

in the case of the unpigmented coating. In the absence of a longer
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exposure time it is impossible to know whether these results represent

genuine trends in the coatings' behaviour or whether they represent

the initisl 'settling down' period of the coat

of behaviour become discernible.

ing before genuine patterns
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THE EXPOSURE OF PYC PLASTISOL SURFACE COATINGS
TO THERMAL RADIATION IN THE PRESENCE OF HUMIDITY

TABLE &
PUC Plestispl Surface Coating

Length of Exposure EE Eﬂ Eﬁ GF

Control 14843 11.8 L.5 29.6

500 hours 190.4 10.5 4.1 L3.4

1000 hours 160.2 9.5 2.9 51.3
TABLE 5

PVYC Plastisol Surface Coating + Pigment

Length of Exposure EE Eﬂ Ei GF

Control " 320.1  16.1 L.4  68.8

500 hours 4L26.1 16.5 3.1 132

1000 hours 367 15.9 3.2 111
TABLE 6

PUC Plastisol Surface Coating + Pigment
+ uv and Thermal Stabilisers

Length of Exposure ii EE Ei GF
Control 121.2 17.7 3.0 34.6
500 hours 264,2 17.3 3.2 77.6
1000 hours 154,7 15.5 3.4 40.8
"IS - Specular Reflectance m% - Peak width at half-height

Id - Diffuse Reflectance GF - Gloss Factor
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CHAPTER VI

DISCUSSION

In the previous three chapters the results of exposing PVC plastisol
coatings to both natural and artificial weathering have been presented
and in this chapter they will be brought together for discussions. The
various aspects of weathering behaviour which have been highlighted will,
it is hoped, when they are brought together characterise the obviously

complex mechanism of coating deterioration.

It is convenient tn break down the discussion into stages because of the
many and varied aspects of the work and so the discussion will be based
on the following sequence of considerations.

(a) general impressions of the overall mode of plastisol deterioration
and the extent to which the analytical techniques used have been able

to follow the various property changes occurring during weathering.

(b) the principal features of natural weathering.

(c) the principal features of artificial weathering.

(d) comparison of artificial and natural weathering performance.

(e) apparehf effect of the various additives incorporated into the

coatings, including, the effect of the different levels of plasticiser.

The overall impression gained from the weathering of plastisol coatings

is that it consists essentially of a relatively uniform erosion of the
soft coating surface superimposed upon which are more serious forms of
localised film breakdown taking place. In both the naturally and
artificially weathered samples the overall erosiaon pattern seems to be
governed by the successive formation/dismission éf Micro-irregularities ;o

of the surface, as viewed by the goniophotomelzs Initially these appear
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to be the only irregulsrities formed but as the exposure progresses
macro-defect formation becomes apparent, the prime manifestation of which
in natural wéathering is flaking. This impression is confirmed by a
visual appreciation of the surface which shous, particularly in the
unpiomented coatings, the formation of brown spots on the surface,
initially at isolated points, progressively covering more of the surface.
Goniophotometry is therefore able to show the way in which the coating

is being eroded at the surface as the successive roughening/smoothing
actions are taking place superimposed upon which in the later stages of
the exposures aré the formation of macro-~defects seen visually as brown
spots. Gcanning Electron Microscopy should therefore be able to confirm

the evidence of defect formation given by goniophotometry.

SEM can be used to view the whole of the surface of the coating after
exposure to weathering magnifying if necessary each point of the surface
in turn. It is able to show the increasing deterioration as the surface
coating breaks down, initially only in isolated areas and then over the
whole surface. It is also able to show in the case of the unpigmented
_Epating of the lower plasticised series how although most of the surface
?femains intact severe breakdown is taking place in a few isolated areas.
In this case it is a more revealing technigue than goniophotometry which
ican-only give an overall impression of much larger areas of the surface
and hence shows only a general loss of gloss over the entire surface and
does not detect the breakdown of the film which is taking place in
isolated areas. GEM, then, is a very useful technique for observing
in depth changes taking place in the appearance of the coating which are

not visible to the naked eyee.

The two technigues already mentioned reveal changes which are taking

place in the physical appearance of the coatings but do not give any clue
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as to the chemical changes taking place. To give an insight into this
change the surface free energy of each of the coatings was measured
throughout eéch of the exposures. The wettability of the surface by

pach of the two liquids chosen, one of which is subject to London
dispersion force interactions (di-ioda-methane) and the other of which is
subject to polar interactions (water), shows, as the exposure pProgresses,
how the wettability of the surface by each of these very different
liguids is changing. A second stage in this analysis is to calculate the
polar and dispersive components of surface free energy and hence show how
the balance betwéen polar and non-polar groups at the surface of the
coating is changing throughout the exposure. In all cases it can be

seen that the polar component of surface free energy is increasing
throughout the exposure and therefore gives a valuable insight into the
types of functional groups which are migrating to the surface of the
polymer during ageing. Contact angle measurements are then a useful

tool in helping to analyse the chemical changes taking place at the

surface of the coating during ageing.

_Es yet we have discussed only the changes taking place at the surface

of the ccating and the remainder of the analysis technigues which were
émployed were designed to help define changes taking place in the bulk of
:ihe coating. Micro-indentation measurements were taken in the hope that
they would show changes taking place in the hardness of the coating during
the ageing process. The coatings were expected to become harder and more
brittle on ageing as a result of loss of plasticiser and cross-linking
occurring and hence it was thought that micrg-indentation would prove to
be an ideal technigue to follow these changes. In the event, however,
this was not as successful as had been hoped as due to the extremely soft

nature of the series I coatings no significant changes were discernible
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in the naturally weathered samples throughout the exposure and it was not
until after 6,000 hours that any changes were observed in the hardness

of the artif&cially weathered samples. In the case of the less plasticised
series II coatings it was only in the unpigmented coating that changes

in hardness during the early stages of the exposures could be detected
and it was only in the latter stages of the exposures that discernible
changes in the hardness of the pigmented coatings could be observed.
Micro-indentation can therefore be a useful technigue in observing the
effect of bulk changes taking place in surface coatings during the later
stages of any exﬁosure but cannot be used to assess the sensitive changes
which are taking place during the initial stages. It should be noted
that although an indentor with a relatively large radius was used in this
study with an even larger radius indentor it may have been possible

to detect smaller changes which must have been taking place within the

coating.

Thermal analysis was used as a further, and hopefully, more sensitive
means of discerning the rate of plasticiser loss and rate of cross-

linking taking place within the coating. The method chosen was to

- measure the glass transition temperature of the coatings and as has
-Eeen seen this was successful in showing that the glass transition
ifemperature of the pigmented coatings did not change on ageing while
those of the unpigmented coatings increased significantly. The glass
transition temperature is the temperature at which the sample changes
from a glassy to a plastic state and so in this study the unpigmented
samples have clearly lost some of their plasticity during the exposure,

a change which occurs in both the series I and series II1 coatings after

exposure to 12 months natural weathering.

In addition to these measurements the weight-loss of the samples was
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determined to show if the increase in pless transitinn terperature could
be related to loss of plasticiser at the surface or if there was a
further underlying cause. The problem with this technigue was the
tendency of the naturally weathered samples to harbour foreign particles
due to the soft nature of the coatings. This meant that each of the
samples had te be very carefully washed and dried before weighing to
remove as much extranecus matter as possible. A praoblem therefore exists
in obtaining accurate results although in this case the results obtained
were very useful in pin-pointing the fact that the increases in glass

transition tempefature could not be due to plasticiser loss alone.

The final technigue used was to measure the gel content of the naturally
weathered séries I coatings. The disadvantages of this technigue were
firstly that the sample is destroyed by the analysis and so cannot be
further analysed and secondly that only samples applied to the substrate
without the aid of primer were suitable for analysis due to the problem
of removing the primer from the sample. The latter of these was a
particular problem to this project as the majority of the coatings were
applied using a primer and also they were required for other types of

analysise

In summary then all of the techniques employed in this work have been
ghéeful in characterising the chénges taking placé'in ﬁlastisol cnafings
during ageing to a greater or lesser degree and have between them yielded
information regarding changes occurring on the surface and in the bulk

of the coatings. Drawing together all these results, therefore, it

should be possible to determine the exact nature of these changes.

As mentioned previously the natural weathering exposures of the two series

of coatings were started at different times of the year with the exposure
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of the more highly plasticised coatings being initiated in the summer
and that of the lower plasticised coatings in the winter. It has been
previously sdggested that the summer months are generally the most dete-
riorative period for plastisol surface coatings due to thelr suscepti~-
bility to solar radiation. If this is the case then the results of the
two exposures should reflect these variations with the maost deteriorative
periods in each exposure occurring after different lengths of time. The
results however did not support this theory strongly. The series I
coatings showed decreasing gloss trend during the initial summer months
of exposure and élthough the series II coatings (less plasticised) also
showed a tendency to lose glossiness during the summer months, the same
tendency was shown at the beginning of the exposure during the winter
manths. It appears then that the initial loss of gloss may be due rather
to a settling down of the surface rather than the timing of the exposure.
The micro-indentation results do suggest that,at least in the case of
coatin
the less plasticisedpégzsonal variations may have some affect upon the
weathering behaviour of the coatings as they begin to shou a slight
increase in hardness after 6 months exposure, ie at the beginning of the
:}Ummer;mqhths,;rThisjs not conclusive however as the more highly plasti-

.EéiSed coatings were too éoét to discern any changes which may have taken
- place during the initial stages of ageing and so it is difficult to say

if the increasing hardness is due to the greater deteriorative effect
of the summer months, the fact that the coatings had been weathered for
6 months and were beginning to show the cumulative effect of these
months of ageing or a combination of these. Surface energy measurements
do not support the view of seasonal variations in the strength of
degradation, with the changes in surface free energy appearing to bear

no relation to the time of year in either exposure. Weight lass

measurements also seem to be unrelated to the season, the weight being




(158)
lost steadily throughout the exposure.

1t appears therefore from this evidence that while the effect of solar
radiation (uv) is the single most important factor in the weathering of

plastisol coatings, the range of weathering factor as a whole is equally

important due to the soft nature of the coatings.

The artificially weathered samples show the same overall pattern of
behaviour as the naturally weathered samples with a loss of gloss
occurring throughout the exposure and with a periodicity showing successive
deteriorations and improvements. Comparing the results obtained from the
weatherometer exposures and those obtained from the exposures to uv alone
it can be seen that in the initial stages of exposure the results obtained
from the uv exposure mirror those obtained from the weatherometer
exposure, reproducing the changes in specular reflectance. The successive
improvement/deterioration in gloss is also apparent although the cycle
length differs for the two exposures. The surface energies and hardness
of the plastisol coatings are alsoc found to mirror those of the artifi-
cially weathered samples during the first 3000-4000 hours of the exposure

to uv alone,shoMing that the main feature of artificial weathering and

;fhé'hoét'éegradative aspect is, as would be expected, the ultra-violet
radietion. After 3-4000 hours exposure to uv alone however the plastisol
.coatings begin to show signs of increased degradation when compared with
the artificially weathered samples. One particularly noticeable differ-
ence is the goniophotometric peak width at half-height,which increases
dramatically in the case of the pigmented coatings. This increase
suggests that the formation of macro defects is taking place at the
surface of the coatings and so causing the incident light to be reflected
over é wide range of angles. The formation of macro-defects.it is thought

should lead to a roughening of the coating surface and this should be
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reflected in the contact angle measurements obtained, as increasing
surface rugosity is reflected by decreasing contact anagle measurements.
In the case of the plastisol coatings however this is not found to be

so as the results do not indicate a sudden increase in spreading by
either water or di-iocdo-methane after this length of time. It appears
therefore that the reason for the plastisol surface gaining & 'matt!
finish is due not to macro-defect formation but to some other change
taking place at the surface. The only difference in change of hardness
is shown by the pigmented stabilised sample which after 4000 hours
exposure to uv alone shows an increase in hardness again suggesting that
some change in the composition Df the coating is taking place. It
appears, then, that uv is the main factor in artificial weathering which
brings about the degradation of plastisol coatings and that when exposed
to uv alone the same type of deterioration of the coatings is experienced
but that in the latter case the degradation is accelerated to a greater
degree. This would be expected because in the case of the weatherometer
the samples are periodically cooled while being exposed to uv and are
alsc not irradiated for 1 hour in every 24 hourse The uv exposed samples

are however irradiated for all 24 hours and are not subjected to cooling

fﬁﬁdwso are at an above ambient temperature. As mentioned previously the
:éffect of the elevated temperature was not established due to a lack
of time.
As mentioned previously the BS 3900 Part F3 Artificial Weathering Machine
takes approximately 2000 hours to induce changes comparable with 2 years
natural weathering in the Uk. After 1500 hours therefore the artificially
weathered samples should have shown the same weathering characteristics

as the naturally weathered samples after 18 months. Goniophotometrically

speaking the less plasticised gamples show during the first 18 months and
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1500 hours respectively the same periodicity with the length of each

cycle corresponding to equivalent time periods within each of the exposuTese.
Although the pattern of behaviour is the same, the end result is not and
as can be seen a greater loss of gloss is induced in the naturally
weathered samples after 18 months than in the artificially weathered
samples after 1500 hours. The unpigmented sample also shows a8 greater
increase in peak width at half-height after 18 months suggesting that

the naturally weathered sample is more prone to macro-defect formation
than its artificially weathered counterpart. In terms of the hardness

of the samples both the naturally and artificially weathered samples

show @& change in hardness ,with in both cases,only the unpigmented sample
showing & significant hardening. The BS 3500 Part F3 Artificial
yeathering Machine can therefore induce the same changes in the bulk of
the plastisol coating as can natural weathering. In terms of the surface
of the coating however although the weatherometer can reproduce the

cyclic pattern of hehaviour of the coatings it cannot reproduce the
complex balance of changes tsking place. This is further shown by the
surface energy measurements, where those obtained from the artificially

,:Qeathered samples do not correspond to those obtained frdm the naturally

" weathered samples. By the end of the 18 months exposure the plastisol
coatings are moTe wettable by water, showing that the surfaces have
jncreased in polarity compared with the artificially weathered samples

after 1500 hourse.

It appears therefore that while the artificial weathering machine employed
in this work can reproduce changes taking place in the bulk of the

coating it cannot reproduce the delicate changes taking place at the
surface. One reason for this could be the above ambient temperature which

the artificially weathered samples experience within the weatherometer.
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The increased temperature allows the plasticiser to flow over the surface
more easily and hence has a 'mending!' effect on the surface. This theory
is supported.by the surface free energy measurements which show an
increase in surface polarity of the naturally weathered samples when
compared with the artificially weathered samples over the surface of which

the less polar plasticiser can more easily spread.

An interesting point is that the artificially weathered samples show a
greater weight loss over an equivalent time period than do the naturally
weathered samples suggesting that either,there is a greater loss of
plasticiser from the surface of the artificially weathered samples,
accelerated by the higher temperéturelnr that the naturally weathered
samples are retaining particles of dirt from the atmosphere within their
soft surfaces so disguising the true rate of weight loss. The latter
cause could also help to explain the differences in surface behaviour

of the artificially and naturally weathered plastisol coatings in that
the weatherometer cannot hope to reproduce the more physically erosive

aspects of natural weathering. Naturally abrasive particles in the

- atmosphere can become embedded in the surface of the coating and so lead

7”?f0 the formation of macro-defects and a consequent lowering of the gloss

~-Pactor of the samples.

“szurnihg'ﬁﬁQ"tb the effect which the various additives have on the stability
of PUC, it has been noted previously that PUC alone is not an inherently
weather resistant material and derives most of its properties in this
respect from its skilful Formulation1b2 although this degree of instability
may be aggravated by the presence of plasticisers and other additives
which are themselves prone to degradation1b3. It is not surprising

therefore to find that plasticised PVC alone is not itself a stable

material and that after 18 months exposure to natural weathering has
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deteriorated to such an extent that it is of no further importance as 8
coating. The more highly plasticised coatings show a greater loss of
gloss during‘their exposures to weathering underlining the fact that a
higher plasticiser content increases the photosensitisation of the coating
and hence its instability. Estevezl4 has claimed that optimum weathera-
bility is obtained when the plasticiser content is between 40 and 50%
although Darby and Graham1uu have put this figure at roughly 35 pph for
plasticised PUC film, submitting that, at lower levels of plasticisation
the 1ife of the film is considerably shortened on account of the lower
mobility of the étabilisers used in the compositicn; the rate of migration
of the stabilisers to the surface not being considered to be high enough
to offset the damage caused by photodegradation which other workers have
shown to be very much a surface reacti0n1u5-1h7. At higher than optimum
levels of plasticiser however the advantage gained from efficient stabi-
liser mobility begins to be outweighed by the increasing photosensitisa-
tion of the film by its increasing carbonylic content. The greater
increase in surface polarity shown by the lower plasticised series of

coatings is due to the more polar PUC appearing at the surface of the

;lagt;sol coating compared with, in the case of the more highly plasticised

" coatings, the DIOP plasticiser which shows & balance between dispersive

~and polar forces at the surface due to the effect of the aromatic and

'~ aliphatic hydrocarbon groups opposed to the ester groups.

The greater increase in Tg shown by the less plasticised unpigmented
coating is again a consequence of the differing levels of plasticiser
with the lower level of plasticiser allowing the polymer chains more
contact and hence a greater chance of forming cross-links than is the
case for the more highly plasticised coating where the presence of

plasticiser tends to keep the polymer chains apart. The more highly
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plasticised coatings therefore are more likely to be prone to chain
scission reactions and not cross-linking, this view is enforced by the

gel content measurements which show no increase throughout the exposuree.

As noted previously the presence of plasticiser also has a surface
mending effect on the surface coating especially at elevated temperatures

at which it can flow more essily over the surface of the coating.

Continuing with other additives it appears from this study that the
pigment is the singly most effective stabilising agent contained within
the coatinge. Ité stabilising action is well known as being that of a uv
absorber, althougbh at higher levels than employed in this work it can

. . . . L8
give rise to a variety of degradation processes including a role as

149, 150

oxidation catalyst in the photolysis of the binder and the tendency

L
to cause chalking151’15 . In fact in the plastisol samples studied here

the low level of pigment appeared to give the coatings greater protection
against weathering than did the added uv and thermal stabilisers. This
is seen most clearly in the case of the more highly plasticised coatings

which were exposed to natural weathering where after 18 months the

;%ﬁnpigmented-coating*had broken up to such an extent as to no longer be

"fﬁf practical use as a'coating whereas the pigmented coatings were still
" intact and serviceable.

The overall impression gained from the exposure of PUC plastisol coatings
to weathering, both natural and artificial, therefore is one of gradual
breakdown throughout the exposure. As has been seen micro-defect forma=-
tion occurs initially at the surface leading to a fall in gloss, followed
by the formation of macro-defects and the onset of flaking as clearly shouwn
by migrographs obtained by the use of scanning electron microscopye

The micrographs also show that the formation of defects and increasing
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roughness of the surface is further concentrated into isolated areas

by the PUC itself, PVC being well-known for its ability to autosensitise
its own furtﬁer decomposition. At the same time as these surface changes
are occurring the added plasticiser is also taking part in further
deterioration as it is gradually migrating to the surface of the polymer
and there being lost to the atmosphere. This change is seen by the loss
of weight of the coating and also by the increasing polarity of the

surface as more PUC becomes apparent in the uppermost layer of the coatinge.
The loss of plasticiser alsoc contributes to the increasing rigidity and
rise in glass traﬁsition temperature shown by the unpigmented coating

by the end of the =xposure. Measurement of the gel content showed no
perceptible increase suggesting that cross-linking reactions are not
playing an important part in the degradation, this probably because the
presence of plasticiser tends to keep the polymer chains apart so that
chain scission reactions are more likely. The plastisol coatings do not
show any appreciable change in colour until towards the end of the exposure
and so double bond formation, also, does not play an important role in

the degradation process initially.

“;ﬁ Iéréé'éhbuﬁk of research has gone into the study of the photodegradation

fof F'U[:155-16D and yet it is still not fully understood and appears to

,vfbe a complex, interdependent 'balance!’ of various types of reactions
whose relative rates determine their respective contributions to the
overall reaction. Two schemes which have been put forward are shown on

the next pages 161’162.

Scheme 1 depicts the photooxidation of FVC
as a predominantly chain scission process leading, ultimately, to the
formation of carboxylic acid groups. Although the precise mechanism

of this process is uncertain the fact that more than one carboxylic acid

is formed suggests that there are two alternate modes of photolysis
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(Norrish I and II) of the intermediate ol -chloroketon2, whose apparent
prevalence OVEeT the (3 -chloro adduct supports the growing vieuw in
favour of initial methylenic, as opposed to chloromethylenic, hydrogen
abstraction. The chain scission process is also found to be auto-
accelerating, presumably due to the photosensitising effect of the

initially formed carbonyl groupsSe

Scheme II is concerned with the thermd&/photooxidative degradation of
pPyC, that has been processed prior to ageing. The ageing process
introduces other.highly photosensitised (eg allylic) structures into
the polymer chain which then tend to increase the subsequent rate of
photooxidation. Additionally, 5 conjugative condition exists in the
polymer whereby the dehydrochlorination suffered during processing can
continue during irradiation, although this is probably of secondary
importance now to reaction with oxygen as evidenced by the appearance

of conjugated ketones in the degradation productse.

PUC is an inherently unstable coatings material and relies for its

stability in this role on its additives and the careful way in which it

i'is Fq:mulatgglithg.characterisation of its mode of breakdown is therefore

search for new and better ways of stabilising it against

;;imporféht

;iattack from weatheringe.
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CHAPTER VIT

A PRELIMINARY INVESTIGATION INTO THE INTERACTION

GF NITRIC OXIDE WITH POLYMER SURFACES

7.1 Introduction

The previous sections of this work have dealt with the effects of natural
and artificisl weathering upon poly vinyl chloride plastisol coatings,
the artificial weathering sections being mainly concerned with the
effects of heat, light and humidity. In reality however there are other
pollutants in thé atmosphere which play an important part in the degrada-
tion of polymers and examples of. these gases are 0zOnNE, sulphur dioxide,
carbon monoxide and the oxides of nitrogen and it is with the latter

of these that the final section of this work is concerned. The effect

of nitric oxide on different commercial polymer coatings has been studied

in the presence of ultra-viclet light and alsoc the effect of uv alone.

As an introduction to the subject the following sections will deal with
the effect of ultra-violet radiation and nitric oxide on polymers and will
;:also consider commercial polymer materials. The remainder of the chapter

f?ﬁilleiSEhss:ihe experimental aspects of the work and the results

obtaiped.

7.1.1 Photodegradation of Polymers

The waord 'photodegradation' describes two main types of degradation
process initiated by light, when the reaction takes place in the absence
of oxygen the process is described as ‘'photolysis' and in the presence
of air or oxygen the process is described as ‘photo~oxidation'e. The
amount of energy supplied to the sample to bring about photodegradation

depends on the wavelength and intensity of the radiation used and the
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degree of penetration into the sample. The term 'photodegradation'
generally implies the use of ultra-violet radiation and it is that

definition which will be used throughout this worke.

The photolytic degradation of polymers consists usually of three oT four

163
basic steps which will now be further described .

(1) Absorption of the Incident Radiation

I1f the polymer is to absorb directly it must have a strong absorption
band in the region of the wavelength of light usede. A carbonyl group
has this property and so any carbonyl containing polymers would be
expected to undergo photolytic degradation fairly readily. An added
sensitiser (such as benzophenone) or an impurity (eg traces of residusl
solvent) might also absorb the light and a transfer of energy to the
polymer might then occuTe.

(2) Homolysis of the Polymer Molecule

Heterolytic bond scission to give ionic species is not encountered in
this type of degradation but homolysis to give radicals may OCCur
preferentially at one type of bond or more commonly at different sitese.

':The mode of homolysis is influenced by the energy of the incident light

fand“therefofe because the carbon-hydrogen bond energy is significantly

f%

hlgher than that of 21ther the carbon-carbon or carbon-oxygen bond,

..‘

fult is not susceptible to 365 nm radiation. C-H bond scission may,
however, sometimes occur with radiation under 254 nm.

(3) Chain Scission

Chain scission may occur.by rupture of one of the backbone C-C bonds
or indirectly as a conseguence of homolysis elseuwhere in the polymer
molecule. Chain scission is revealed by a fall 1in molecular weight of
the sample.

(4) Cross=-linking

Cross-linking is often observed as a sequel to homolysis and is
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ndicated by a rise in molecular weight and the formation of an insoluble
el., This situation however is in many cases complicated by the simul-

~aneous occurrence of scission and cross-linking.

7.1.2 Commercial Polymer Materials

Polymers which are currently used commercially can be divided into three
groups depending upon their resistance to photodegradation and these are:
(1) thighly photostable polymers which are used without photostabiliser
added, eg poly(tetrafluoro-ethylene), poly(methyl methacrylate).

(2) moderately pﬁotostable polymers that can be used without photo-
stabiliser, €g poly(ethylene terephthalate), polycarbonates, and

(3) poorly photostable polymers which need extensive stabilisation

for outdoor uses, €g polyolefins, poly(vinyl chloride), polystyrene,

nylons, rubbers and cellulosee.

The definition of long-term photostability of polymers and polymeric
materials differs depending on their application. 1IN the packaging
industry for instance t1ong-term properties' means 1-4 yearse. Gradual
phutodegradatlon after the1r use decreases the litter problem and is
:;iherefure beneflcial. In the bu1ld1né and machine 1ndustrles however
) 1ung-term properties pf 10-40 years are required. In some cases
1herefare'it may be 1mp0rtant to increase the rate of photndegradation
reactions but most industries do require polymers with a low rate of

photodegradation and the commercial interest in degradable plastics

has decreased in recent yearse.

 Considering the structure of common polymers, they contain mostly
c-c, C-H, C-0, C-N and C~CL bonds and should not absorb light of longer
wavelengths than 190 nm, je they should not be photodegradable by visible

light. Uv spectroscopy measurements however show that most commercial




polymers have increased abhsorption due to the presence of internal

and external impurities. External impurities found 1n commercial
polymers are things such as (1) impurities formed during the manufacture
of monomers, (2) impurities from the polymerisation process, EQ initiator
residues, emulsifiers and solvents, and (3) impurities from the
processing and storage of polymers. Production of polymers always

occurs in contact with different metals which are used for reactors

and other machinery parts and as a result of this organic and inorganic
salts are formed which may be responsible for further degradation of the

164
polymer .

Internal impurities are due to the formation of different chromophoric
groups, when polymerisation occurs in the presence of air (oxygen) and
even in an inert atmosphere and parts of the jnitiator added are built
into polymer chains. Additives used commercially in the processing of
polymers into plastics or rubber materials may alsoc be a source of
internal impurities as new compounds &re formed and some fragments of

additives sre permanently built into the ponlymer chaine.

,;l;;the processes by which the polymer has been prepared.

7.1.3 Nitric Oxide

Nitric Oxide (NO) exists in the atmosphere and is found there as 8
result of either industrial processes oT as a result of the solar-
initiated photo-dissociation of nitrogen dioxide (NUZ) which is the
principal light absorbing species present in smoge.

N, +  hD —> NO+0O
(295-430 nm)
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However, although efficiently photodissociated in this, the primary
photochemical act, nitrogen dioxide is then somewhat paradoxically,
ultimately reformed in highly complex photo-oxidation processes at a

. s ias 165
much faster rate than it was initially destroyed , the net effect
being a very rapid conversion of NO back to N02 which, in smog, OCCUTS
by three major paths, as shown below:

+ 0

(i) reaction with ozone: NO + 03-—4> NO 2

2

(ii) thermal oxidation by molecular oxygen: 2N0 + O,—> 2ND2

2
(iii) reaction with radicals: (HD2 (HO
( (
NG + (R02 —> N02 + (RO
( (
(RC03 (RCD2

The net result of \all this is that nitric oxide (NO) exists guite stably
in the atmosphere in intrinsically small concentrations dependant upon
the exact nature of the outdoor location. However, although agailn
depending largely on the nature of the site, this nitric oxide concentra-
tion can vary guite significantly on a diurnal basis, particularly in

the vicinity of conurbations166 and dense traffiq_areasis7.

. ~9.1.4 The Interaction of Nitric Oxide with Polymers

T “*'mhen one comes to consider the actual interaction of nitric oxide with
polymers, however, it is found that there are relatively few reports in
the literature which clear mechanistically with this particular aspecte.
This is true of this type of study in general which, is surprising
considering the amount of tad publicity' which gaseous atmospheric
pollutants have long received in respect of their observed deteriorative
effect on psint films. However, these latter studies have invarisbly

been only concerned with the visualisation of surface effects rather than
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the nature of their chemistry. Of the mechanistic studies that have
been undertaken in this field, undoubtedly the most notable are those

-

168, 1

due to Jellinek and co-workers 8,169 concerning the reaction of nitrogen
. . . 170,171

dioxide (NDZ) with hydrocarbon polymers, and to Ogihara et al ’
in their examination of the oxidation reaction of polyethylene by NDZ'
As regards polymer interaction with nitric oxide (NO), however, literature
reports are confined to what appear to be relatively less detailed

172,173

investigations , two of these being concerned with poly(vinyl

chloride) thermal decomposition.

The nature of the particular interaction between nitric oxide (NO) and
thermally degrading/degraded PVC.has revealed some extremely interesting
featurés of their reactivities. Firstly Beddes173 has observed hou
samples of PVC powder, when heated in a stream of NO at lSDOC and pressed
into films for absorption spectroscopy, remained colourless for over

60 minutes as in the case of a thermally stabilised sample. In addition
to this, on leaving a deep red discoloured sample of PVC, which had
previously been degraded for S5 minutes at 15UDC, in an atwmosphere of NO

f~;§t room temperature, 1t was found to be noticeably less discoloured after

g}D;ﬁinufes,wﬁale yellow éftér 500 minutes and practically colourless

»;after 1500 minutés, itsrabsorption spectrum strongly resembling that of

- ~PVC heated-for 85 minutes at. 150°C in NO. This ‘bleaching' action of NO

indicated that, even at room temperature, it was capable of effecting a
considerable reduction in polymer conjugation. From this, Geddes
postulated that, although the apparently stabilising influence of NO
could be a result of the inhibition of the radical-chain dehydrochlorina-
tion, the fact that NO could decolourise degraded PVC at room temperature

was mare in keeping with an addition reaction of the type:-



g = € + ZNO —> -C~-C -

NO  NO

This latter proposal was later supported by Mladenov and Slavov172 who
observed that when PVC was heated in NO an accelerated dehydrochlorination
occurred, the rate of which appeared proporticnal to the NO concentratione
Furthermore it was suggested that not only the NO present in the system

but also chlorine conceivably formed by the reaction,

oNO + 2HCL —> N0 + H,0 + CL

2 2 2

could enter into combination reactions with the degrading PVC. In
this way chlorination of C = C double bonds in the polymer, a8s a follow
up to dehydrochlorination, could paradoxically lead to an improvement in

the polymer's subsequent thermal stabilitye.

Dgihara17o'171 has studied the oxidative degradation of polyethylene in

a nitrogen dioxide (NO) atmosphere by means of infra-red spectroscopye.

-w—The analysis of the infra-red spectra obtained showed the formation of

hitrité—éster, nitrate ester, carbonyl end hydroxyl groups as @

.~ result of heating the polyethylene in nitrogen dioxide. 1In the early

~"=stages of the reaction nitro and nitrite ester groups were formed by the

addition of NDZ’ which has an odd electron structure and may therefore
be expected to combine readily with radicals, to the activated position
of polyethylene. Nitrate ester, carbonyl and hydroxyl groups were then
formed in a secondary stage as the decomposition products of the nitro
and nitrite ester groups. The suggested mechanism for the reaction is
shown. below:

RH activated ﬁ . 0
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In the early stages:

R+ NDZ — RNO, nitro group

h .+ OND —>> RONO nitrite ester group
Secondary stages:

ROND —> RO + NO p-N fission

RO+ NDZ — RDND2 nitrate ester group

RICH,0  —> R'CHO + Hoo)
RMR"ICHO —>> R"R"™C0 + H ; carbonyl group
R'R™CHO —S RYCHO + R™ ;
RO+ H —> ROH hydroxyl group

ROND, —> RO + NO

The initial reaction site in polyethylene was found to be the double
bond with which nitrogen dioxide can then react abstracting a hydrogen
molecule end forming a radical. Gray and Yoffe proposed the following

mechanism for this reaction

A |
C = C + NO, —> =-C-C =

~ AN 2

“Zand nitro-nitrite compounds.

! |
- C - C -
) i
N02 N02
] 1
-t;-c-+N02
! \\\\\\ | \
ND2 N\ - C - C =~
\ |
ONO NU2

. 168 . . .
Jellinek and Toyoshima have studied the reaction of N02 with polystyrene
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and found that it reacts in a similar way to polyethylene. Nitrogen
dioxide initially reacts with an ¢-hydrogen on the polystyrene backbane
to form @ poiymer radical with which additional nitrogen dioxide molecules

can react to form nitro and nitrite groupse.

H H H H H H
) ! | / [ !
- ¢ - C¢C -C -0C ~-0C - C - +N02
) ! ) i f )
H EGHS H EGHS H BGHS
H H H H H
) 1 { u] ! |
—_— C - ¢ - C =-=6C ~-0C ~-0C -~ + HND,
' ! 1 { { |
H EBHS H EBHS H BGHS

R~ + NO —=> RNO

2 2

R* + NO, —> RONO

Jellinek has then speculated that chain scission reactions may then occur
at both low and high temperatures, the mechanism for low temperature chain

scission reactions is given belowe.

) _ »H NUZ. H H H H N02
- [ } v ( | | (
.-¢c g ¢ C -C -C -C—>»-0 =1=8 +
! ! : ] ! | | ) !
H H H C6H5 H E6H5 H EBH5
R ’
R )
%i - - : H H H H
] ! { )
H - C - C - C - C -
! ) } |
H EBHS H BGHS
1
H H’//—:?\{\ NO, M H H H
{
! ] t ' N\ | \ ' { t
. ¢ -¢c -cCc'-c=-C-C —>-10¢-20=2=8 +
| ! | ! | ! | { { )
H BBHS H : EBH5 H BBHS H CGH5 H
t H H
) \ }
c = ¢ - C =~ + HNU2
] | {
LeHs H CeHg
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or for the nitrite

0 -
I} .
N N
;! N
H H H o ' H H H H H 0
-c-c-c-c-ac-c___>-c-c-c-c +
i ] } | v | t I } {
H CcHy H CeHgl H CeHs H CeHs H CHs
/
H
i
C = C - + HNO
| ]
H CeHs
2HND  —>  HyN,0,

At higher temperatures 8 depropagation reaction may occur leading to the

formation of monomer and nitrated monomeTe.

7.2 Experimental Aspects

five types of polymer film ‘Were chosen  for thlS study, these being

polypropylene, oellulose aoetate butyrate, polystyrene, polycarbonate and
r~igpolyester. These were chosen because of their varying chemical structures
and because they were clear and relatively thin films which could be easily
analysed by infra-red spectroscopy in the transmission mode. Each of the
films is a commercially available product, the suppliers being detailed

in Table 5 . This work is intended as a preliminary investigation into

the effect of nitric oxide and ultra-violet light on different polymers
both individually in the case of uv and simultaneously. The polymer films

examined, method of exposure and analytical technique are nou described

in more detaile.
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TABLE 5

SUPPL1ERS OF POLYMER FILMS

Polymer Film

Polypropylene

Cellulose Acetate Butyrate

Polystyrene

Polycarbonate

Polyester
(Polyethylene teraphthalate)

7.2.1 Polymer Films

7.2.1.1 Polypropylene

manufactured under the tradename of

H;ipoi;b;npyléﬁe film was éupplied

Supplied by

ICI Plastics Division
welwyn Garden City, Herts

May & Baker Ltd
Dagenham, Essex

Sidaplax NV
Gentbrugge, Belgium

Bayer, Germany
Distributed by May & Baker Ltd
Dagenham, Essex

ICI Plastics Division
welwyn Garden City, Herts

by ICI Plastics Division and is

tpropafilm O'. Propafilm 0 is an

éncoated_polypropylene film of high clarity and tensile strength which

is relatively impermeable.

The film also shows excellent chemical resistance, and together this

combination of properties makes it ideal for use as a packaging material

which is its main application.

for this study17h.

A film of 15 micran thickness was used
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7.2.1.2 Cellulose Acetate Butyrate

The cellulase acetate butyrate (CAB) film employed for this study 1is
manufactured‘commercially by May and Baker Ltd under the name of 'Cabulite'.
Cabulite is an outstanding material for thermoforming and outdoor use
and amongst its many varied uses are advertising and display units,

lighting, specialist glazing material, and drawing materials. It is

resistant to attack by both acids and alkalis. A film of 0.5 mm thickness

was used for this study.

Te2ele3 Polystyréne
The polystyrene film used for this work was 100 micron thick and produced
by Sidaplex NV, Belgium, under the tradename of 'Polyflex111. The film
is a biaxially orientated clear polystyrene with a high surface finishe.
Typical applications for which the film is used include, thermoforming
(vacuum or pressure) of containers, sterile packaging, graphic arts,
photographic applications, overhead projection transparencies, display
signs, document protectors, folded boxes and copying systems. The film
. is not recommended for outdoor use due to degradation although it is

_ery’reSisfantdto>alkalis and resistant to all but very strong acids.

'Makrofol KGE' a polycarbonate film produced by Bayer Germany and
distributed by May and Baker Ltd, Essex was employed for this work. A
film of 2 micron thickness was used, a film whose main application is as
a flame—retardant electrical insulating film. It is used for coil
insulation, capacitor wrapping and wherever an electrical insulating film
with increased fire safety is required. Its most important properties
thereéore are its resistance to heat and electricity. It is resistant

to attack by dilute acids, saturated aliphatic and cycloaliphatic
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hydrocarbons and alcohols. Makrafol is destroyed by alkaline solutions,

. . 175
ammaonia and amlnes .

7.2.1.5 Polyester

A polyester film manufactured by ICI Plastics Division under the trade-
name of 'Melinex' was used for this work. Type 'S§' Melinex of 12 micron
thickness was found to be most suitable as 'Melinex! film is slightly
hazy in its thicker forms. ‘'Melinex! is reported to have putstanding
strength, durability and dimensional stability, together with low water
absorption and a good resistance to chemical attack. It is also a good
electrical insulant and in its thinner gauges POSSESSES a good claritye.

176
'Type S' is a general puTrpose film with a wide range of applications .

7.2.2 Ageing Technigues

The samples were exposed to nitric oxide and to ultraviolet light so
that the combined and individual effects of NO and UV could be studied
under identical conditionse. This involved the use of a sealed system,
due to the toxic nature of nitric oxide (figure 47). The system

: consistgé of two glass vessels, one of which was connected to allow

a free fiom of gas through it (see figure 47) and both of these vessels
were the? plgqed in a large boxe. AN ultra-violet light source was then
placed’ééove the opening of the bbi, the box was necessary in order to
ensure that the vessels were jrradiated only by the uv light source. The
glass vessels were manufactured from 'Pyrex' glass and were 33.5 cm high
and 6 cm in diameter with a sealable lid. One of the lids was modified
so that two tubes could be connected to it, one for the inflow of gas
and the other for the outflou. fs ultra-violet light of wavelength less
than 5&0 mu is cut out by the glass the ultra-violet light source used

produced radiation of & higher wavelength than this. Each of the samples
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was suspended inside the vessel from a wire frame during the exposure to WO
and uv. The containers were then sealed and placed inside 8 well ventila-
ted fume cupboard. Nitric oxide was then flushed through the system until
all traces of reddish brown gas disappeared, this was nitrogen dioxide
formed by nitric oxide reacting with the oxygen in the system. The inlet
and outlet tubes were then sealed and the ultra-violet lamp was switched
on, the system was then left for 2 hours before being thoroughly flushed
through with nitrogen to remove all traces of nitric oxide. The samples
were then left overnight before being removed as a safety measure to
ensure that all femaining traces of nitric oxide had reacted with oxygen
in the atmosphere. After being removed the samples were analysed using

an infra-red spectrometer, to measure any changes which had taken place

during the exposures to NO and uve

The nitric oxide used was supplied by BDH Chemicals Ltd, as being 99.6%

puUTE.

7.2.3 Analytical Technigues

o= fach of the films employed in this study was chosen for its clarity and

eghéncé the ease with which it could be analysed using an infra-red

U

ﬁ-épecfrometer'in the transmissioh>mode. In the transmission mode infra-red

"~‘ —7;;%pectfbéé0py is the most cunvenient means of gaiping information relating
to the chemical composition of prganic coatings systems, its main dis-
advantage being that it can only be used for relatively thin, transparent
polymer filmse. in these films the appearance 0Or disappearance of
functional groups on ageing can be followed directlye. Transmission
spectroscopy has another advantsge @s an analytical technigue in that

the sample remains unaffected by analysis and therefore can be used

repeatedly.
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A1l infra-red spectra shown in this work were obtained using a Perkin-
Elmer grating infra-red spectrophotometer Model 257, the spectra were in

the region L4000 x:m_1 to 600 cm"1.

The infra-red spectra of each sample was obtained before exposure to NO and
uv and then again when the sample had been exposed to uv and NO for

2 hours as previously describede.

7.3 Results

The infra-red spectra of each of the samples before and after exposure

toc NO and uv are shown in figures L8-59. The polypropylene, polycarbonate
and polyethylene teraphthalate films were each exposed to uv alone faor

2 hours, to uv for 2 hours followed by NO for 2 hours and to uv and NO

for 3 hours. In the two former exposures the samples were left standing

in an atmosphere of nitrogen on completion of the exposure whereas in the >

latter exposure they were left to stand in air after completion of the
exposure test. The polystyrene film was jncluded in only the former
9 tests and the cellulose acetate butyrate film in the latter exposure

— . -zonly.” The results obtained for each of the films will now be discussed

~~ =n more detail.

";;:::;?7.3.1 Polypropylene

fAg can he seen from figures 48-50 there is no apparent change in the
'Propafilm! after exposure to both uv and uv and NO. This confirms the
visual appearance of the film which showed no change in colour or clarity
after the exposures. In contrast to these results however the spectra

of the polypropylene film obtained after exposure to NO for 3 hours
followed by air overnight does show small differences from the spectra

obtained before the exposure. A shift in wavelength at which the sample
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absorbed infra-red radiation in the region 1500-2500 cm—1 can be observed
after exposure to NO, the shift being towards higher wavelength absorbance.
A change in %he relative strengths of the peaks at 1,100 and 1,040 cm-1

is also seen. These peaks are both due to additives in the polypropylene
£ilm about which little is known. No change in the physical appearance

of the sample could be detected after exposure to NO and aire.

These results suggest that the polypropylene film used in this exposure
is resistant to attack by both ultra-vioclet radiation and nitric oxide
in the short term but that it may be susceptible to attack by nitric
oxide if air is also allower into the reaction vessel. The vital factor
would therefore appear to be the‘presence of air and more especially the
preéence of oxygen. Nitrogen can be disregarded because when in the
second exposure the vessel was flushed through with nitrogen there was

no apparent change in the polypropylene film.

7.3.2 Cellulopse Acetate Butyrate

As previously mentioned the spectra of CAB was obtained only after it

had been_exposed to uv followed by NO for 3 hours and stood in an air
atmoééhé;e_overnight. "The spectra of samples of CAB exposed to uv and

to uv and NO were not recorded. After exposure to NO the CAB film was
examinéd visually and was found to have changed in appearance with the
clear transparent film having been yellowed by the exposure te NO. This
suggested that the film had undergone some structural change during the
experiment and it was hoped that by comparing the spectra obtained before
and after the exposure it would be possible to evaluate the changes which
had taken place. The spectra are shown in figure 51 and as can be seen
although there is a change in the degree of absorption by the sample the

position of the absorption bonds has not changed. The weaker absorbance
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bands shown by the sample after exposuTe to NO sre probably attributable
to the yellowing of the sample during the exposure to NO. The reasons

for the colour change in the CAB sample during the experiment cannot

therefore be deduced from the infra-red spectra.

7.3.3 Polystyrene

[N
i

Samples of 'Polyflex 110' were exposed to uv both in the presence of and -
in an atmosphere excluding NO. The infra-red spectra of the polystyrene
film obtained both before and after these exposures are shown in figures
52 and 53. As cén be seen from figure 52 there are changes in the infra-
red spectra of polystyrene after.exposure to uv radiation alone, the
changes occurring in the relative strengths of the peaks at 1540 cm—1,
1660 t:m-1 and 1745 cm-1. 1t is reasonable therefore toc suppose that the
ultra-violet radiation has initiated a structural change in the polymer.
A structural change which then enables the nitric oxide to react readily
with the polystyrene film. The infra-red spectra of the polystyrene film
after exposure to uv and NO is shown in figure 53 and significant changes
in the abso;q?nce pattern of the polystyrene can be observed if the spectra

57

"igﬁmpéred with that obtained before the sample was exposed to either

or NO. These changes include the appearance of several new peaks

in the spectrum at 1840, 1710, 1625, 1560 and 870 Cm-1 due to the reaction

of polysfyrene with NO. Several peaks have also been lost from the

. - P -~ B —1 .
SpEL LI UM AllLaduainy wiude a@u &y aTaTy a7y Ll a4x¢ Lin . ULncl  witaiiye a
include & slight downward shift in the wavelength of the absorbance peaks

at longer wavelengths (2000-2500 cm-1) and a change in the reletive

strengths of a number of other peaks.

This evidence suggests therefore that polystyrene is susceptible to

attack by both ultra-violet radiation and nitric oxide, the ultra-violet



L ]
« B " . . ~ - . i . N . - -
. y 7 . . L] . N . . .m . > ) v
. . - S . , )
, L v d .. - . B Lo . ' GG.H.HNA.UN.H AN . /;-. Co ..‘..4 ) L
-~ " ) 1. o ' S : . P v ° .
2 o7 ainscdxa JIs3 48 pue 310434 aualAjsATod 4o ex3oads pal-ediul -~ 25 aanb14 . .
w ’ . « - e e - . . . N
~ - o \ " > . . . :l . - \ ‘.0 . i - R . . . ..o
. . L N . s .z . . - . ) 2 VL. . L. - . L ‘. . N [N . ™ N : R
. \ o CtE o . * . . ) . .o, ° 7 "

.

BAVM

AIGWN




ey e

, L * . - . . - » S e ! o ,
R . . - - ' Ty T v > \
~ * . . . ' . . .
— . : Col . .
o , : o C . ON ;BuE uOT3eTPEI AN D%, axnsodxa . .- . S
.- \ " . . ° ; ) . . ‘ ’ ISR [ LA *
- - ‘ .o o .ov T I3%de pue mauo_mn%mcm;pmxio.a 40 eajoats o_.u.mn...m,H.mcH -~ ¢g axmbty 5 - c :
. ‘.v . K ' . . o . : . P ce N : c . : L . ) .6..yr . i . .
(WD) ¥IFWNANIAYM
00D 00¢!

o




radiation probably acting as an initiator to the attack by nitric
oxide. No change in the physical appearance of the semples was observed

throughout the EXPOSUTE.

7.3.4 Polycarbonate

'Makrofol KG' was exposed to uv alone and to uv and NO, the samples in
the former expaosure being left to stand in a nitrogen atmosphere after
the nitric oxide had been flushed out of the system and the sample from
the latter exposure being left in an air atmosphere. Spectra obtained
from each sample-befnre and after the exposures are shown in figures 54-56.
From figure 54 it can be seen that the exposure to ultra-viclet radiation
appears to have had little affect upon the polycarbonate sample with only
a slight change in the relative intensities of some peaks. This evidence
is consistent with that obtained by visual examinatiaon of the sample,
which showed no change in the physical appearance of the sample. A
change in the polycarbonate sample can however be seen on exposure to uv
and NO as shown in figure 55. The main change in the infra-red spectrum
~of the polycarbonate sample after exposure to uv and N0 is the appearance

= fffwof g new absorbance band at 1664 t:m"1 and the increase in strength of the

1Tiabsorbancé peakmat 1650 cm-q.:ménth of these ébsorbances characterise the

“_reaction of ‘Makrofol KG' with nitric oxide. No change was noted in the
physical appearance of the sample in contrast to the yellowing of the
polycarbonate sample noted after exposure to NO followed by exposure to
air. The spectra obtained from the sample after this exposure are shouwn
in figure 56. O0Only the relevant parts of the spectrum were recorded in
the latter case. After the infra-red spectrum had been taken the sample
was placed in a dessicator which was then evacuuated for 24 hours. This
was t; remove any nitric oxide dissolved within the sample hefore the

spectrum was retaken. As can be seen by the reduction in strength of the
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-1
absorbance at 1650-1665 cm scme niiric oxide wes dissolved within the
sample, the absorbance however is not due entirely to dissolved nitric

gxide. .

7.3.5 Polyethylene Terephthalate

‘tMelinex' film was exposed in the same way as the other films to uv

alone and to uv and NO, the spectra obtained as a result of these expo-
sures being shown in figures 57-59. On exposure to uv alone (figure 57)
a slight shift in the wavelength of absorbance at the longer wavelength
end of the spectrum can be seen, the shift being towards absorbance at a
higher wavelength, a small change in the relative strength of some peaks
can also be observed. Figure 5B.shoms that the exposure to uv and NO has
no épparent affect upon the structure of the polyethylene terephthalate
sample the spectra before and after the exposure being identical. After
exposure to NO followed by exposure to air the spectrum (figure 59)
pbtained shows very similar changes to those observed after exposure to
uv aleone with a change in the relative intensities of some peaks and a
shift in the wavelength at which others absorb. No change was seen in the

hysical appearance of thé samples after any of the exposures.

‘brnught into contact.

The results of each of these exposures will be discussed more fully in the

following section.

7.4 Discussion
There are two distinct areas of this work which may be considered and

these are firstly the effect of uv radiation on polymer films and secondly
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the effect of nitric oxide and uv radistion on polymer films. These

two areas were treated as separate stages of the work experimentally

with the expésure of the samples to uv radiation preceeding the exposures
to nitric oxide as it was felt that the photodegradation reactions
initiated by uv radiation would encourage the subsequent reaction with

nitric oxide. The work will then be discussed in this way.

7.4.1 Photodegradation

Each of the five polymer samples was exposed initially to uv radiation
alone for two reésons, firstly so that the effect of the uv radiation

of the sample could be determined and secondly, in an attempt to mirror
the effect of sunlight on the sample prior to the introduction of nitric
oxide to the system. The results of the exposure of the samples to uv
alone will be discussed here. As shown by the results previously
described ,of the four polymers whose spectra were measured after exposure
to uv alone polypropylene showed no change in ahsorbance of infra-red
radiation and the other three samples showed only small shifts in the
.wavelength of absorbance and small changes in the relative strengths of

~gome: peaks. It appears therefore from these results that none of the

1{':ft:i*—~f_pulymers“used were extensivély degraded by exposure to uv degradation.
djmo possible explanations of this are either that the changes taking
mwmmbléderﬁithin the polymer‘are of such & nature as to be not detected by
infra-red spectrometry (eg masked by other peaks) or that there are no
changes taking placeAwithin the polymer. The latter possibility is the
likely explanation in the case of the polypropylene film as subsequent
exposure to NO also produced no visible changes in either the polymer
film itself or the infra-red spectra of the polymere. The poly(ethylene

terapﬁthalate) and polycarbonate films would be expected to show signs

of degradation in the presence of uv, of the type previously reported
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163,177
by Mcheill and Wiles ! .

As previously described in order for 8 polymer to be affected by uv it
is necessary for a uv absorbing chromophore to be present in the polymer.
In the case of poly(ethylene terephthalate) it is well-known that the
ester carbonyl group is the significant chromophere for uv absorption
and so the primary processes involved in the photodegradation process

have been stated as

0 0
I S U
N\ - - - V4 - = —
_>-¢ OCH,CH, e 7 - ¢ OH + CH, CH
0
Ll |
- - /N - C o+ -OCH, - CH;~—

Neither of these processes is photo-oxidative so that two of the three
primary prqducts from PET (COOH, CO and CDZ) are produced directly by
photolysis. It should also be noted that the poly(ethylene terephthalate)
film employed for this work, 'Melinex', is used commercially as 8
packaglng mater1al and so would be expected to contain additives to

_ nhiblt the photudegradation processa

Little information is available as to the formulation of the polycarbonate

' f'”iifilm 1Makrofal KG' used for this work. Polycarbonate has the general

formula -

0
[

~0-R,=-0=-C=-0-R,~

where R1 and R2 may be aliphatic or aromatic groups and in the case of

Makrofol KG it is probable that it has the structure
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as this is the only commercially significant polycarbonate. Since
polycarbonate also contains a carbonyl group however it should be
degradahble by uv radiation in the same manner as poly(ethylene

terephthalate)

0 8]
i A I

0 - R1 -0~-C~-0 R2 - - 8] R1 8] C

+ -0 - R,—m

This photodegradation of polycarbonate may then lead to the later reaction

of the degraded polymer with NO which will be discussed in the next section.

Pure polypropylene and polystyrene would not be expected to be degraded
by uv radiation because they contain no chromophores which absorb in the
uv region of the spectrum. However in the commercial samples that were

-used there are traces of impurities left from the processing which the

films have undergoné and these do contain chromophoric'groups which absorb

uv light. As mentioned previously the energy which they absorb may then

j_:;;;;;ﬁéhe passed onto the polymer leading to chain scission reactions.

--CH2 - CHX &~ —> -CH2 + CHX ~—

or

’

~—CH2 - CHX - CHé”‘ —> ~A~CH2 - CX = CH2- + H

(unstable)

_ > CHX + CH, = CX = CH,~—

The photolysis of polystyrene has been studied by Grassie and mgir178
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and they have shown that the characteristics of vacuum photolysis are
gas evolution in small guantities, development of insolubility and
discolouratién. They have suggested that C~H bond scission is the homolytic
reaction induced by uv light centred on the weakest C-H bond present, that
is, the tertiary H atoms & to the aromatic ring.

ﬁ

£~ 5 ~CH, - L + -H
!
- O

The highly reactive H radical can then abstract a further H atom from

CH2 -

the polymer or an adjacent polymer leading in the first case to conju-

gation and in the second to the cross-linking of the two polymers.

Y
CM
|

C

~~CH = C~— + H or ~CH -
|

0 <

Both the polypropylene and polystyrene films used here are available

~ 4+ H

commercially for packaging purposes and so agein would be expected to

'pontaih additives which inhibit the process of photodegradation. The

faaﬁitiVEs'in"Pfdpafilm"are effective in this purpose as these results

-show, the film appearing to be totally unaffected by short exposure to

???lil%fiiuv radiation. _The polystyrene sample however 'Polyflex! although showing

little chenge in the pattern of its infra-red absorption does appear

to have been degraded as shown by its reaction with nitric oxide.

in conclusion the polypropylene film manufactured by ICI Plastics
Division appears to be the only one totally unaffected by exposure to
uv radiation. Each of the other films appears to have degraded to some
degreé by the exposure to uv radiation; although the evidence obtained

from infra-red spectrometry was not conclusive in this respect. The
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mechanisms by which the polymers may degrade have been outlined in this
section and will be further used to explain their varying reactions with
nitric oxide. Finally it must be emphasised that the exposure to uv
radiation was of only a short duration (2 hours) and that each of these
polymer films is used commercially as a packaging material and would
therefore be expected to contain additives which inhibit photodegradation
reactions from taking place. A longer exposure to uv may therefore have

shown more definitive changes in the polymers.

7.4.2 Reaction with Nitric Oxide

A1l of the five polymer films studied were exposed to nitric oxide gas
after being irradiated by uv for 2 hours previously. It was hoped that
the initial exposure to uv would cause the polymers to degrade forming
radicals with which the nitric oxide could then readily react. This
situation would then mirror the real-life situation when polymers are

exposed to sunlight and to nitric oxide which is present in small

guantities in the atmosphere.

_:iiji;ijsigéifiqant chénges in the infra-red spectra obtained before and after

;feXpbsurE to NO. Polypropylene showed no change at all in the absence

TZ -2l pf air and only a small change in the relative strengths of some peaks in

the presence of air. The peaks concerned were shown to be due to
additives in the polypropylene film and so could not be identified.

The uv stabilisers present in the polymer were found toc be very effective
in preventing photodegradation occurring within the polymer and therefore

in preventing subsequent attack by nitric oxide.

Delluiose Acetate Butyrate was exposed initially to uv and then to NO

followed by a period standing in air. Again no changes were discernible
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in the infra-red absorption pattern but in this case the clear sample

was yellowed at the end of the exposure suggesting that some conjugation
had occurred‘mithin the polymer. CAB contains a chromophoric group which
can absorb energy from uv irradiation, in the form of the C = 0 group,
and would therefore be expected to be susceptible to photodegradation.
The discolouration observed here suggests that some chain scission has
taken place followed by the subsequent abstraction of a further H atom

to form a double bond within the film, thus leading to the yellouwing of
the film. There is, however, no evidence of a further reaction with

nitric oxide taking place.

Poly(ethylene terephthalate) sho&ed no visible or spectral signs of
reaétion with nitric oxide in the absence of air and only a slight change
in infra-red absorption after exposure to both NO and air. In the latter
case the changes observed mirrored those observed when the film was
exposed to uv alone suggesting that the changes were caused by uv
irradiation and that the nitric oxide did not react with the resultant
material. From figure 59 however it is possible to argue that a peak is
7’péginning to’F@ém at lGhD'cm-1 and that this is due to the reaction of

;irradiated poly(ethylene terephthalate) with nitric oxide. This peak

jtself. If this is the case then the additives in the poly(ethylene
terephthalate) film used to inhibit photodegradation have succeeded in
inhibiting most photodegradation enabling the nitric oxide to react with

only the small proportion of radicals formede.

Polycarbonate is shown to react strongly with nitric oxide both in the
presence and absence of air with the changed spectra in figures 55 and 56

showing the formation of new peaks in the 1665 cm_1 region of the
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spectrum indicative of oxime formation. The presence of oxygen therefore
has no discernible effect upon the reaction. Reaction of polycarbonate

. e A . 179 . .
with nitric oxide has been noted previously and in this case the same
polycarbonate film as used in this work was not previocusly exposed to
uv irradiation. This therefore suggests that uv is unnecessary to

initiate the reaction of polycarbonate with nitric oxide.

Previous work has shown that nitric oxide shows a high permeability to
polycarbonate a fact born out by figure 56 which shous that after

standing overnight in a vacuum the strength of the peak at 1665 cm—1
ljessened as dissolved ND was removed from the polymer. The polystyrene
film is also shown to react strongly with nitric oxide with significant
changes in the infra-red spectra of the film after exposure to NO. In
this case the degradation is most probably initiated by exposure to uv
which causes chain scission to take place within the polymer chain as
previously described. The radical which is formed may then be susceptible

to attack by nitric oxide as shouwn

forming a nitrosoc group.

1f any irregularities are present in the chain then other products may

result from the degradation process, &S0me of which are shown below.
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(1) ~—CH, = CH —l,3- ——>»  ~CH - CH, - €~
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] /}
N ) §\
| >
OH
) oxime
H H
! A I
(2) ~CH = CH = Cor~ _ ~~CH = CH -~ C —~——
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ngln both of these cases the resulting product is an oxime. Spectral

evidence seen in figure 53 supports the formation of both nitreso

(-N=0) and oxime (=N-0H) groups in the polymer with the C=N stretching
band of the oxime appearing at 1625 cm-1 in the spectrum and the
accompanying N=0 stretching absorbance of the nitrosoc group in the

1550 cm_1 region of the spectrum.
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7.5 Conclusions
Perhaps the most surprising result found is the remarkable resistance
shown to photodegradation by the !'Propafilm!', this observation being in
contrast to the results obtained by previous workers where polypropylene
has been found to be readily photo-degradable and readily reactive with
nitric oxide. The particular polypropylene film studied here however
is reported17“ as being highly crystalline and as most degradation
occurs in the amorphous regions of the polymer it is not perhaps so
surprising to find the film so unreactive. Each of the other polymers
has been degraded by uv to a greater or lesser degree with the 'Melinex!'
film probably being the next least affected. This is not quite so
surprising since poly(ethylene terephthalate) is below its Tg at room
temperature and in consequence is a 'stiff'! polymer. In these so-called
'stiff' polymers there is a much greater likelihood of reforming a
cleaved bond (radical-radical reformation) than in for example poly-
- ? propylene which at room temperature is above its Tg and hence contains
relatively mobile polymer chains177. In addition the guantum efficiency

for the formation of products by bond breaking reactions is much higher for

plastics containing more flexible polymer chains than for those with less

flexible polymer chains. Melinex however would still have been expected

4

o be photodegraded more readily due to the presence of a uv absorbing

‘?**:'*"W”chromoﬁﬁofe in the polymer. The stability of these two polymers therefore

must be attributable to the uv stabilisers added to them to prolong their

commercial 1ife and usefulness.

Polycarbonate and polystyrene were both degraded by nitric oxide although
the degradation took place by different mechanisms, the reaction with
polystyrene being initiated by uv irradiation and the reaction with
polycarbonate requiring no initiation. It has been noted previously

that nitric oxide shows a high permeability to polycarbnnate179 due to
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the polarity of the polymer, nitric oxide is therefore able to react
with the bulk of the polymer and not just at the surface as is the case
with the leQmers less permeable by nitric oxide. In both cases however
the major outcome of the reactions appears to be the formation of oxime

groups in the polymer.

Finally it must again be emphasised that all of the polymer films studied
in this section of the work are commercially available products and as
such contain many additives which may themselves contribute to the
polymers' characteristics. Tﬁngature of these additives is unknown
épq_thgrefnre their effect upon the photodegradation of the polymers and
subsequent attack by nitric oxide cannot be analysed. It can however
he'saidrthat the interactions of nitric oxide and uv with polymers is
Blso likely to be a complex balance of a number of different, yet inter-
dependant, processes of varying importance of which only a few have been
investigated in this work. It is obvious therefore that there is a

considerable amount of further work to be done in this area before any

definite conclusions can be drawn as to the way in which nitric oxide
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aspect of this work ic the aruarent cyclic retter
vhich the coatings cxhibited on exiocure to Loth mnatural and
artificial weatheringe. This may have been due to experimentel
variability in the results but this explanction scems unlikely
when the nuwber of samples from which measurements were obtained
is talien into account. Another consideration is the nature of
the surfacc coatings themselves, unigue two conponent systens of
polymcr and plasticiser. In a néturally wewthered system of this
type the greatest delerioration woul< be exected in thg swrier
ronths due to the incressed amount of ultra-violet radiation
reccived by the seimples. In the winter months however little
erosion would be expected due to the lower level of ultra—violet
radiation and the surface mending efiect of the plasticiser. It
is therefore a complex system and further investigation into the
weathering behaviour of the coatings is recuired to assess the
experinental variability of the results. Finally as the con—
clusion to this thesis the following observations have been mode:
(1) Three types of teatlering have been employed in this work,
natural, artificial end uv and one of the objectives of the work
was to cssess their ability to reproduce natural weatheringe. The
DS 3900 Yart F3 Artificial Weathering Machine hes becn seen to be
uncble to reproduce the effccts of natural weathering upon ¥ve
plestisol surface coatings although it does appear to huve brought

about the same reneral trends in the weatheraing of the sanples.
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The wealheroneter therefore is a uscful tool for assesring the
lifetime and cceneral hehaviour of IVC ;rlvrtisol centlings on
ceeerns but could nol be used to determine the ;recice chityes
brourht choutl by nitural we:thering.

The uv cahinet wos also zble to reirroduce the scne reneral trends
in the vecthering of the samples sugresting that the 1ost
degradative aspect of naotural weothering is the exposure to ultra-—
violet radiation, although more work nceds to be carried out to
confirm this view.

Oy

(2) Bach of the analyticel technigues in this wovk hos been

1

aesesced in terms orf it

ts usefulness in yroviding evidence of the
noture of the degradetion processes taliin~ place in the suriace
couting.

Gtoniophotometry yroved to be & very valucble lechaicue in characeter—
ising surfeces und also & technique which gives highly reproducible
results. While goniophotorietry is able to characterise the cormlete
sawple surface, scanning electron microscopy was eble to pinvornt
processes, taliing place at isolated aréas on the sample surface vhich
were not discernable by the naked eye.

Surfece energy mcasurenent was another useful technigue which was

to give an insight into the type of migration talking rlace towards
the surface of the coatings. Weight loss measurements, thermal
cnelysis und gel content measurements did-not in themselves give
iaformetion which could he used directly to charactcrise the be-
heviour of the coetings but did provide sulr ortive cvidence to be
used 11 conjuinction with other technlques.

l'icro—indentation siudies were discirointing in that the coatings
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were very coit wireh siilce changes in yro1daty hora to diccorn

rnd recourcaents difficult Lo rerrosuce.

pa—r

In conclusion then cacr of ihe enclyticel techriques uscd T ro=
vided tore or less valucble inlermiizon os to the deorre lation
rroccsses Loiings plice 1n 1VC jlestisol contings amd these
resulis vlien assi:ileicd sere able to characterice the behaviour
of 1VC 7lectisol cooctings wien exi;-osed to wealheringe

(3) The uv and theriel stabiliser cdled to the ploctisol coctings
aid not &rear to hove o significant effect upon the resisience
of +he coctinms to ~ecthering unlike the cdied prpment which
cave considerable stobality 4o the coctinrs. The plasticicer
:lco 1 leyed cn 1o ortant jert in the resictance of the contings
to weutheringe.

Jith these conclusions in -1nd the folloving arcas arc su ~ested
cs wrces in vhich further worlk could be usefully ceroied out.
(1) Pollowing the very bricf study in this worl of the cffect of

thermal radiction ew the plastisol coatings, 1t would obviously

be of bLenefit to continue this work and to anzlyse the effect of

botli thermal radiation and huwaidity on the coatings to establish

the part played by these two factors in the degradation of the

coatings.

(2) As yet only the effect of uv and thermal stabilisers and pignent
heve been investigated and this represcnts only & very sirple naint
formulcotion so using this work as a basis rrogressively more

comnlex formulations could be mede un to establish the nost efficicnt
way of stebilising 1VC ;lestisol coatings.

(3) The mechanisn for the degradation of IVC 1s still undcer debate
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cnd this is on arca in which further work could hie root uvsciully
curricd out to determine how the decradation tilzen lace fnid henee
gave incicht into how it could be L.ost rreventad.

(4) nevine esteblishesd suiteble methods of analysing the breal:doim

of plustisoel 1VC coctings the scope of the work coulc¢ bhe fu-ther
extenier to other surface contings, to fini hoc tliey react to the
stressces of artificial weatherin~. The Artificiel eathering Dachine
havinr been esteblashed as o successful resreducer of naturcl weather—
ing could be put to creat use and benefit in this areca, so obviating
the need Tor lengthy outdoor exjosures.

(5) Finally turming to the exposﬁre of various nolymers 1o nitric
oxide, this work has only been intended as 2 preli:ln&ry_lnvcstlf—
ctien into the eficcts of nitric oxide and so considerably :ore Wwori:
rercias in this arca. No effort hos been made to establaish hew the
nitric oxide reacts with the polymer and whether ¢ surface or bulk
recction tokes place and so this ceuld be & useful starting point.
Surface energetics measurements could be used to determine changes
taking place at the surface of the coating.

This work could be extended to the PVC plastisol coetings to find how
they react to nitric oxide which is o well-known pollutant to which
coatings ere exposed, zni for all coatings it could be extended to
cover other pollutants found in the atmosphere (eg SOZ’ C¢) to discover

the effects thev have on coatings, if any.
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The 1VC plostisol coulanos wsca 1a (hils cluny were ¢ll remrred
by Vinctex Lti. and were woplied to three Jdilifcirent subrireles,
~lass, aluwiniuwn and stcanles . sicel, tie d1iierent techniguen

2or vhieh cuch of these vere used erce ¢ivea below.

(ul:&lass wincls — The coctings werc ain; lied to £ix inch squure

rclass penels wilhout & primcer so that they could bhe cesily
removed cna used for el content measurcaents.  Bech conting
wes ¢ lied to several sheets of plass wnd cech of these wiis
ciuoced ot the Duildang Neseoorch Stotion's site. Two stules
cielr couting for cach ;oinl 1n time &t which
corination ond cheracterisction of the sayples wos to be cariaed
oul. These sermles were then used for {hermal enclysis ona el
content reasurerents. For thermal anclyris two or threce sell
circular swsnles, arprox. In Jia, were punched from coch couting
aficr they hod been detached froi: the glass ronels and these

vere then wnalyscd using the 'Jitferenticl Scenning Colerimeter!
Gel content rmeccurements were then carricd out on two scomles and
an average of the two results telzen. The sarmiles were washed
cently under running woter belfore Leing anclyséd to remove any

r
ia

treces of dirt from the surfacc.

(b) Aluwiiniun anels, — The coatings werc & “lied to six inch

fommd

cuvare penels which had previously heen prined. Duplicate ponels

of cach couating were ex osed at eauch of the dafferent cxposure

o1nt in tine thot examination end character—

cites ond Lt ococl

1eotion of {he coatires was carried out a one inch cirovlar

to
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scmple was punched froa ea veh of the penels. ‘fnelysis of these
semmles was then carried out cs denceribed belowe—

~

(1) Goniophotoiictry - Tech sanle wes coently cleaned wier rumnins
— e ‘ ~

woter to remove cexcess cart fron the surfcce @il drica evorniiiic
in ¢ dessicotoer before Leing subjecled {o coniolhotenelric onaly<is.
The rloss factor ot ihrec points on the suritce of cach sorile nas

then determined and an average of the values talken.

K:) “urfece Tnergetics — The samples were preparcd in the sance Wiy

as for goniophotometry and 1in this case were also cleaned end dried
between measurine weter and di—iodo-methene contact angles. Ior
cach liguid between three and sii contact ancles were necsured on
cecl sarvyle before &ain averalie velue was obtuoincd.

(3) Ilicro—indentation - The saples for cnalysis by micro—-indentation

for cach surmle indentation

(@

vere not clcened again before use and
~eesurements were talien from at lewxst three diffcrent joints on the

surfoce with et least three different loads.

(4) SJeamins Llectron lLicroscopy — Tro:a each circulur scoiple urito

four smaller semples were cut for enalysis by 5Ili. Dach of these
smotler samples were then pretared as described for goniorhotometry,
mounted onto a smell circular aluminium stub and covered with an
electrically conducting layer. Tach coating was then vieved using

thc scanning electron nicroscope and specific characteristic defects
of the surfoce were 1ooked for. These defects were then obscrved

more closely and photogrephed.

The coatings erplied to the alwiinlun penels were each ana lysed in the

above seqguence, SILL being the last technigque used because 1t destroyed

he samrles nmaking further analysis imposcible.
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-&g) “tainless steel 7anels — The coatlings were a;plied to i inch

« two inch steel panels vhich had been vreviously craced wnd orein

duplicate panels of cach coatins vwere xcosed ol the Tualdinge

Research tation's site. ILach panel was carefully cleaned usine &

gentle brush under runining water befcre beins dried in o dessicator

and weiglied.
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Ulira Violet laght Souvces.

Tour d1ilferent rources of ultra-violet 1larut hove been ¢ Joyed
durine the course of ilhis worl, ind theee wre, i{or the ~cather—

inz of %he IVC »loctisol coitines, sunlicht, the LS 5200 part I3

«

K
1

artificiel Jeotherinc lachine cnd the uv ciabinet. or ihe wvork
concerning cxrosure of iolymer films to uv ond nitric oxide a
single uv lemp was used.

The spectral distribution of 1ightvfrom each of thesc sources

4.

differs cnd a plot of wavelength vs intensity for the first
threc of these sources 1s gilven on Yage 213.
Thece diff{eriny sources of uv light also mecn that the temper-
ature at vhich the samples are irrediated differs, that irn the
. . ) . . . .
uv cabinet beine in the order of 35°C ana that in the artificicl
. . 0 .
weathering mechine 45°C with a surface temnerature of the samrles
. 1 P o
aprroaching 53 C.
The lamp usced for the exposure of polyizer films to the ultra-
violet light and the matric oxide wus a mercury vajour discharge
lemp in & cguurtz arc tube. The arc tube was enclosecd in an
o
outer bulb of bluck glass vhich absorbs 21l radiation other
an

than that in the lony wave uv of predominantly 305 nanometres,

little visible licht is emitted.
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