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Abstract

Clear varnish coatings are applied to the surface of historic paintings to provide a
protective barrier layer and/or change their appearance. The natural varnishes used
by the original artist would have given the painting its original finished appearance.
Over a period of years these varnish layers degrade with age, which changes the
appearance. Then it becomes necessary to remove and replace the coating. This
removal and replacement is undesirable as it can lead to damage of the painting.
Synthetic alternatives can provide a much longer life coating but may not give the
same appearance. This thesis details research into the soft matter physics and fluid
mechanisms that determine the relationships between the material properties of

varnishes and their effect on the appearance of paintings.

The mobility (self diffusion coefficient) of a high molecular weight varnish resin
(AYAT) was measured with Nuclear Magnetic Resonance (NMR) to be up to three
orders of magnitude lower than the solvent (Toluene) and a low molecular weight
resin (Regalrez 1094). The similarity of the low and high molecular weight resins
NMR relaxation times, T, and T,, showed the important difference was the size of
the molecules. A unilateral NMR imaging system (using a CPMG sequence with a
T time of 100us) was able to resolve a signal from the varnish coatings until the
solvent content was approximately 10%. The use of a NMR system, capable of
shorter T times, could allow the non-invasive measurement of solvent content of

varnish coatings until completely solvent free.

To measure the formation of substrate induced roughness of um and nm amplitudes,
a new method was developed using Optical Coherence Tomography (OCT) to
simultaneously measure the air-varnish and varnish-substrate profiles. The potential
accuracy of this technique was shown to be the same as any other White Light
Interferometry method (<10nm for smooth surfaces but decreases with surface
roughness). The experimental accuracy achieved for smooth surfaces, without
significant vibration suppression, was 50nm. The high sensitivity of OCT allowed
the otherwise unachievable measurement of extremely faint varnish-ground glass

interfaces.



The development of varnish surface profiles and power spectral densities inherited
from a substrate (crucial to varnish appearance) were accurately modelled using the
lubrication approximation of the Navier-Stokes equation. Though for better
levelling varnish coatings, a different process dominated low spatial frequencies.
Viscosity, as a function of concentration, was shown to be the crucial variable
determining surface roughness. The viscosity functions of high molecular weight
polymer resins (AYAT and Paraloid B72) were shown to be considerably different
to low molecular weight resins (Dammar, Laropal A81, MS2A, Regalrez 1094 and
Regalrez 1126). The differences in the viscosity between low molecular weight
resins (including natural resins) are less substantial and other factors, such as choice

of solvent, are of increased importance.

In conservator applied coatings, the amount of varnish applied was shown to be a
key variable along with choice of resin in the final surface roughness. OCT
measurements of these provided strong evidence that some coatings completely
wetted substrate pores, while others showed different fractions of wetting. This
showed dependencies on the resin and variations in the conservators’ application.
The assumption that the surface state is the only dominant factor in the appearance

of coatings is not necessarily true.

The thesis concludes that, to understand the difference in appearance between
different coatings, the material properties of the varnish solution should be directly
measured. With these the surface roughness, hence appearance, of a coating can be
accurately predicted. This will allow the prediction of how a varnish solution can be

manipulated, by a conservator, to get precisely the desired surface state.



1 Introduction

A varnish coating is an optically transparent layer applied to a surface of a material.
The purposes of a varnish coating is well defined by Theophilus Presbyter around
1100 CE, who recorded" about them

“Every painting that is coated with this gluten (varnish) is made bright,
beautiful, and completely lasting.”

The first purpose “made bright, beautiful” refers to the change in the appearance of
colour of a surface, that the varnish is applied to. The second purpose “completely
lasting” refers to the protection (preservation) qualities of varnish coatings. Though
not necessarily the oldest reference to both purposes it is certainly one of the most
eloguent and reliable references. It predates most works of art that are likely to be
encountered in an art rather than archaeological context, for example the oldest
work of art in The National Gallery in London is from the 13" Century. The view of

modern researchers has always backed this dual purpose® 2.

This project is only interested in varnish coatings for paintings, though varnish
coatings are used for other materials, in particular wood. The field of wood
varnishes includes the conservation of wooden artefacts, with the demands and
varnishes used similar to those for paintings. It also includes industrial produced
coatings for indoor and outdoor use, these coating demands are different to painting

varnishes and the varnishes used are different.
Multiple varnish coatings may be applied to a surface.

This project is focused on solvent type varnishes, which involves a solid inert
material (resin) being dissolved in a solvent to give a liquid solution. It is then
applied to form a film on the material to be coated. The methods of application are
by brushing or spraying of the solution. The volatile solvent then evaporates and
leaves the inert solid (resin) as the dry coating. The resin is chemically unchanged in

the application process but material properties of the final film may be influenced by



retained solvent? and arrangement of resin molecules in the dry coating, due to their

behaviour in solution®.

Varnish coatings can also be formed by the use of chemical reactions to produce a
solid layer from an applied liquid film. Qil varnishes consist of drying oils such as
linseed. After the application of the film the components of the oil undergo
polymerisation leading to a change of physical state to a solid. Similar to oil
varnishes are modern epoxy resins® which are used for highly resistant coatings of
wood, such as in a marine environment. In epoxy varnishes two components are
mixed together then applied to as a film onto the material, the components of the
film chemically react, leading to the change of state. The inability to safely remove
drying oil and epoxy varnish coatings means that they can not be considered for

conservation applications.

A varnish coating provides a physical barrier for the paint layers. It prevents
particles from reaching the paint surface and becoming engrained or doing other
damage. However, a varnish layer is unlikely to restrict the diffusion of gaseous
molecules, such as oxygen, to the paint’>. When the painting is being handled the
varnish prevents the paint from being touched. The absorption of UV light by
varnish acts as a filter, preventing UV induced photochemical reactions of the paint,
though in most galleries this will be a redundant feature as the UV component of the
lighting will be limited. Away from the conservation of paintings, a main purpose of

varnish is to prevent the impregnation of liquid water into wood.

1.1 History and chemistry of varnishes

1.1.1 Ancient and oil varnishes

The archaeological evidence for varnish coatings dates back to before 2000BCE in
Egypt®’ and China®. The composition and method of application of ancient
Egyptian varnishes is interesting. The main component has been identified as resin
extracted from pistacia atlantica®, which is of the same genus as mastic (pistacia

lentiscus) that is widely used as a solvent varnish (Sections 1.1.2 and 1.1.6). The



method of application of these varnishes is uncertain, but may have been applied

like a solvent varnish.

Sources from the medieval period in Western Europe, such as the Lucca

610 and Theophilus Presbyter’s on Divers Arts, up till the late 16"

manuscripts
century® give recipes for varnish coatings involving drying oils. The content of these
varnishes are natural resins, such as sandarac and mastic, dissolved in a drying oil,
such as linseed or cypress oil. Figure 1.1.1.1 shows the molecular structure of drying

oilstt*?

which are esters of glycerol and unsaturated fatty acids. R is representative
of the residual fatty acid chains. An example of such a chain is for Oleic acid where
R is given by figure 1.1.1.2. The other fatty acid groups found in drying oils include
linolenic, linoleic, eleosteric, lincanic and ricinoleic acids. The R groups in a single
molecule are not usually identical but a random combination of fatty acids. The
probability distribution of the fatty acids is determined by the specific oil used.
When the film is exposed to the atmosphere, the drying oil undergoes
polymerisation of the double bonds within the fatty acid chains through an oxidation
process'. This causes the varnish solution to solidify. All the varnish recipes of this
type also contain inert resin dissolved in the drying oil, which will also solidify as

its solvent (the drying oil) solidifies.

(0]
|| Figure 1.1.1.1
0 H,C—O0——C—R General molecular structure of drying oils
R_L|_o (|:H o where the R groups are fatty acid chains,

| ” such as in figure 1.1.1.2.

H,C——O0——C—R

Figure 1.1.1.2
Example fatty acid chain (Oleic
acid) found in drying oils.

NN (CHL),

CH—— CH,

(CHp)7 CHgz

The use of drying oil as a painting medium (oil paint) did not develop as a main
practice for fine art until after van Eyck in the early 15" C**. The main paint
medium before this period was egg tempera, which was also occasionally used as a

h6, 14

varnis (or additional component®). This dries by denaturisation of proteins

within the egg™.



1.1.2 Traditional solvent varnishes

Varnishes not containing any drying oils, that is only resins dissolved in a volatile
solvent, were first recorded in the 16" century and were widely used by the 17" C *
® The resins used in these varnishes were no different from what had been used as
components of the oil varnishes that preceded them. The resins in use all came from
natural sources (usually the secretions of different trees) and will be referred to as
the genre of natural resins. The main chemical components of these resins are
various terpene or terponiod products™®. Figure 1.1.2.1 shows the building block of
these molecules, isoprene. These are assembled into chains or rings and various
functional groups are added and the structure modified to give a wide variety of
molecules. Figure 1.1.2.2 shows an example of a terpenoid present in dammar resin,
dammardienone. Chapter 3 in de la Rie'” provides a much more detailed summary
of the terpenoid molecules present in dammar resin. The identification of the
terpenoid molecules present in mastic has also been carried out®®. As well as a mix
of terpenoid molecules, natural resins also contain varying amounts of naturally
occurring polymers. This polymer content is an important part of the broad range of
molecular sizes present in natural resins. Figure 1.1.2.3 gives the chemical structure
of a polymer identified in mastic resin'®. If there was a technological driving force
of the uptake of solvent varnishes in the 16™ and 17" centuries (instead of drying oil
varnishes) it was likely be the developments in solvent production at the time.

Figure 1.1.2.1
= Molecular structure of isoprene, a chemical
building block of natural resins.

Figure 1.1.2.2

Molecular structure of dammardienone, one
of many chemical components of dammar
resin

O,

Figure 1.1.2.3
Molecular structure of cis-1,4-poly-pB-

n mycrene, a naturally occurring polymer in
mastic resin



The key advantage in the use of solvent varnishes is that as they do not involve any
chemical change (ideally) of the coating, they can always be removed with the
solvent they were applied with. The resins used are amorphous solids (glasses) when
pure at room temperature, rather than crystalline. As they do not crystallise, they do
not precipitate out of solution (form crystals with solvent forced out) as the
concentration increases but remains homogenous at all concentrations. As a varnish
coating dries by the evaporation of solvent, the concentration of resin increases
without discontinuities and the physical state of the coating changes gradually.

Dammar and Mastic® %

are the most important two natural resins in current use for
the conservation of paintings. Mastic is the secretion of pistacia lentiscus, a tree
native to the Mediterranean, but the supply of it is mostly associated with the chia
variety from the island of Chois™. The results of a survey of the varnish material
found upon a range of paintings®® shows that mastic has probably been artists and
conservators most favoured resin. The main reason given by its users for the
preference of it over dammar is that it is easier to manipulate when applying?. This
ease of manipulation may be due the higher amount of high molecular weight
component?, giving it higher viscosities at lower concentration. However there are
several drawbacks to the use of mastic, the one of most concern for conservators is
the fast rate of degradation. Mastic varnish coatings are well documented to yellow
faster than Dammar coatings®®. Other defects include tendency to bloom and

possible poorer mechanical wearing qualities®,

Whereas mastic resin is defined as being from a particular species, indeed for the
most part a specified variety grown in a single location, the definition of dammar
resin is not as specific. Dammar resin comes primarily from several species of two
genera (shorea and hopea) from the dipterocarpaceae family of trees® ** 2!, The
geographic location of the collection of dammar resin is limited to an area presently
covered by the nations of Malaysia and Indonesia. The location of the source of the
resin meant that it did not become used as a varnish in Europe until much later than
most other natural resins. The literature consensus on the first use of dammar
appears to be the early 19" C. Due to its ageing advantages over mastic it is the

currently preferred natural resin.



There is a wide variety of other natural resins that have been used as varnishes or
components of varnish recipes® %°. Here two more will be briefly introduced.
African sandarac is the secretion from the conifer tree Tetraclinis articulate native
to Algeria and Morocco®™®. The varnish coating is brittle and it ages less well than
mastic? #. Shellac is the natural secretion of the insect kerria lacca™. As a result of
being from a source other than tree secretion, the composition of the resin is much
different to other natural resins. The composition of shellac also contains wax and
colouring matter as well as the resin. The resin is not terpene or terpenoid derived
but is a naturally occurring oligomer™ (like a polymer but with only a small (rather
than large) number of monomers per molecule) soluble in alcohol but not turpentine.
Copal and amber®* can refer to secretions of various trees with varying degrees of
polymerisation/fossilisation after the secretion. Fir balsam, larch resin and pine

resin®® are other examples of tree secretions that have been used as varnishes.

A survey of the varnish composition and individual conservator practice between
1850 and the introduction of synthetic resins®®, provides an overview of varnishing
practices at the end of the natural resin era. In the UK in 1850 the use of dammar as
a varnish resin appears scarce at best. Though its use does become more prevalent, it
does not overtake mastic as the most common varnish component in the paintings
surveyed by White and Kirby. The use of dammar may have been more common
outside the United Kingdom?®. Mastic was preferred as the superior resin in the
absence of dammar, though was certainly not uniform in its use. Mastic was often
blended with small amounts of a drying oil, preferably pre polymerised by boiling.
The reasoning of this method was to change the application properties and
mechanical resistance of the coating. However, as it is a form of meglip®"' the
degradation of the coating would have been increased. The mastic was also often
blended with other natural resins in solvent varnish solutions. The blending of the
resins seemed more successful in incorporating the properties desired, especially the
addition of dammar which seemed to inhibit the degradation of the mastic resin.

Varnishes of copal, fir balsam and larch were also popular. A few of the coatings are

" A mixture of mastic and linseed oil. If prepared correctly (oil cooked with lead), it can give a
“gelatinous” material that was used “extensively”. However, its use was “disastrous to the life of
paintings”. As a result the use of mastic is described as “only safe to use in simple-solution picture
varnishes which contain no linseed, poppy or other drying oils”.



identified as polyterpene® only, this natural polymer could come from a variety of

coatings such as spike of lavender oil.

A review of painting instruction books during the 19" century™® identified three
other areas of interest in this period. Firstly the use of aqueous varnishes (including
egg white) as a temporary coating to the drying oil paints. Secondly for final varnish
the use of separate layers of different resins, the bottom layer is a permanent
protective coating while the top layer is the sacrificial coating to be replaced when it
discolours. Thirdly the choice of varnish may have been dependent on the paint
vehicle (binder) it is being applied to. The conservator/artist could select a varnish
material to be similar to the material of the paint, so to limit cracking due to
different mechanical stresses. Alternatively the conservator/artist could choose the
varnish material to be much different from the paint material, in order to ease
varnish removal without damage to the paint by ensuring the varnish is soluble in

solvents that the paint is not.

1.1.3 Varnish degradation

The material that forms the varnish layer can be prone to chemical changes with
time (degradation). This generally leads to yellowing and physical changes that ruin
the appearance of the picture. It also leads to solubility changes which become a
danger when trying to remove the varnish coating. There may be several
mechanisms for this change, especially with the complex content of natural resins.
For dammar?’ three different mechanisms were identified: (i) A light induced auto-
oxidation of functional groups within the resin, resulting in a change in solubility
parameters, (ii) a Cross linking mechanisms producing higher molecular weight
components and (iii) a yellowing mechanism, which was not light induced. The
degradation mechanisms are similar for other natural and synthetic resins. As well
as the usual mass spectrometry, the degradation of varnish coatings has also been
measured using FT-IR and FT-Raman spectroscopy and a Quartz Crystal

Microbalance system?.

The changes in appearance of varnishes as they degrade are undesirable for viewing

the painting. This means that the degraded varnish coating must be removed, and



replaced with a new varnish coating. To remove the old varnish coating requires the
use of solvents and mechanical action by the conservator®®. The main danger lies in
the fact that components of the paint layer beneath may be soluble?*® %, |eading to
leaching of these components out of the paint layers or permanent effects on the
surface of these layers®. The change in the solubility parameters of the aged varnish
can make the problem worse. If a different solvent is used to remove the varnish
than that used to apply it, the paint layer is being exposed to solvents of different
characteristics leading to more potential for leaching.

As a result of the potential damage to a painting, whenever the varnish coating is
removed and replaced, it is desirable for the lifetime of varnish coatings to be as
long as possible. This does not necessarily mean that the varnish resin remains
completely chemically unaltered as it ages, but it does maintain the same optical and

solubility properties.

1.1.4 Synthetic solvent varnishes

By the early 20™ century developments in synthetic chemistry allowed polymer
resins to be produced for the first time®’. Some of these proved to be highly resistant
to degradation with age making them an attractive option for longer life varnish
coatings. The two synthetic polymers of interest to conservators in the present day
are polyvinyl acetate (used as a varnish sine the 1930s*%) and acrylate polymers.
Figure 1.1.4.1 shows a monomer of polyvinyl acetate. For use as a varnish this
polymer comes in the grades designated AYA(X), where (x) is a letter determined by

molecular weight distribution.

n Figure 1.1.4.1

\{(0 Monomer structure of polyvinyl acetate

O

Figure 1.1.4.2 shows the two co-monomers of the acrylate polymer B72, methyl
acrylate and ethyl methacrylate®™. The advantage of synthetic resins over natural

resins is that their content is a single molecular species. This means that their
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degradation properties are easy to characterise and understand. The complex mix of
molecular species in natural resins makes it much more difficult to understand all
the degradation processes and with many molecular species some of them are likely
to be unstable. The single molecular species in synthetic resins can be chosen for
their stability. Though Paraloid B72 coatings do undergo chemical reactions during
their life, the net effect of these reactions does not lead to changes in the films

properties. As a result the coating can be regarded as stable™®.

Figure 1.1.4.2

(@) O K
° ° Monomer structures methyl acrylate and
ethyl methacrylate. Co-monomers in Paraloid
B72 varnish.

The polymer chain length of these varnish resins are relatively long, this gives them

a high molecular mass (M_n ~ 9000u) compared to the average molecules within

mastic or dammar (M_n ~ 500u)?. The polymer chain lengths are not uniform but

are polydisperse, however the polydispersity of the synthetic resins are still much
smaller than the natural resins. The larger molecular size of these polymer resins
make it much more difficult for them to flow past each other when in solution®”
which leads to high viscosities previously shown?. It was rapidly realised that these
high molecular weight polymer varnishes did not produce the same optical

appearance as natural resins?*.

Lower molecular weight synthetic resins suitable for varnishing became available
for conservators in the 1930°s *® with the introduction of ketone or
polycyclohexanone resins AW2 and MS2. These were in use as picture varnishes by
the 1950°s?. Figure 1.1.4.3 shows the constituent feedstock > for these resins,
cyclohexanone (a) and methyl cyclohexanone (b). Rather than being a true polymer
these resins are oligomers (small number of monomers per molecule). The literature
seen by the author® about the chemical structures of these resins seems inconclusive.
The name polycyclohexanone is probably misleading as that would suggest a
structure such as shown in figure 1.1.4.3 (c)*. Figure 1.1.4.3 (d) shows how the real
molecular structure is more likely to be composed®®. The presence of ketone groups
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in these resins limited the life of these coatings. In the late 1950’s the reduction of

these ketone groups to alcohols in the manufacturing process=?"*°

produce the reduced ketone resins MS2A and MS2B. Figure 1.1.4.3 (e) shows this

was developed to

reduced form of the presumed structure. These low molecular weight synthetic
varnishes give a more similar appearance to the natural resins than polymer coatings.
However, they do not have the same life expectancy as polymer coatings and the

mechanical properties are not ideal, forming brittle films®®,

@ O ® 90

o] 0] o) .
. o @ Figure 1.1.4.3
© %; (a) Cyclohexone
(b) Metyl cyclohexone

(c) Polycyclohexone® (d)
n Ketone resin
(e) Reduced ketone resin

OH

OH OH OH
(©)

OH

By the 1990°s*" %2 two new synthetic resin types, hydrogenated hydrocarbon and
urea-alderhyde, were available for painting varnishes. These are currently at the
forefront of the field combining low molecular weight with long coating life. Fully
hydrogenated (all CC double bonds replaced with hydrogen to create single bonds)
hydrocarbon (with no other function groups) resins are extremely inert due to their
alkane structure. Arcon and Escorez resins fit into this category®, but the most
important resin for conservation use is Regalrez (particularly Regalrez 1094 and
Regalrez 1126). Regalrez is produced from the oligomerisation of styrene (Figure
1.1.4.4 (a)) and alpha-methly styrene (Figure 1.1.4.4 (b)) feed stock®®. The resultant
oligomer will be a short chain polystyrene molecule and the hydrogenation of this to
form the final product will result in the benzene rings being converted to
cyclohexane rings (Figure 1.1.1.4 (c) and (d)). Regalrez is highly resistant to

photochemical degradation** and can be expected to give a coating life on a par with
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the most stable polymer resins such as Paraloid B72. Regalrez 1094 is generally the
grade used by conservators but this suffers from the problem of becoming tacky
when handled®. This tackiness is not the result of the incomplete drying of the
solvent but may be related to uncertainty in the glass temperature of the resin*. The
values of Ty reported for this resin are highly varied, as low as 33°C. In a recent
study into the effect of solvents on the physical properties of a film, all the final
glass transition temperatures for Regalrez 1094 were measured between 20.9 and
24.9 °C*. For the varnish coating to truly be solid it needs to be below glass
transition temperature®’. If the relatively small, uniform sized and with weak
intermolecular bonding, molecules of the surface of the Regalrez coating are raised
above their glass transition, such as by a human finger, it will become tacky. Glass
transition temperature is dependent on molecular size*, the use of higher molecular

weight grade of Regalrez 1126 does not show the tackiness of 1094%.

(@) ®)
Figure 1.1.4.4
(a) Styrene monomer
(b) Alpha-methyl styrene monomer
© %) (c) Hydrogenated styrene monomer
(d) Hydrogenated alpha-methyl
styrene monomer

Urea-aldehyde resins (such as Laropal A81) are produced from low weight aldehyde
molecules (Figure 1.1.4.5 (a)) and urea (Figure 1.1.4.5 (b)). These molecules react
together to produce long chains, however there are several reaction processes that
can happen leading to complex and branched chains***°. De la Rie et al*! provide a
complex theoretical structure for the resulting resin. Like the hydrogenated
hydrocarbon resins, these also have good stability® with low molecular weight,

providing an alternative choice for conservators.

@ o ®) o Figure 1.1.45
|| | Chemical feedstock of urea alderhyde resins.
c c (a) Ketone where R is short alkane chain
R/ \H H2N/ \NH2 (b) Urea

13



1.1.5 Coating additives

In the coatings industry additives to the varnish are often used to modify the
behaviour of films to get the desired effect®®. Small amounts of drying oil or wax, to
change the mechanical properties of the final film, or agents, to induce a matte
finish, added to a solvent varnish can be considered additives. In art conservation

53,54 such as Tinuvin. These

the main additives of importance are stabilisers
stabilisers inhibit the chemical reactions that occur when films degrade. Addition of
stabilisers is an attractive method to increase the life of natural resin coatings but

also improves the life of all synthetic resins as well*

. Though these additives can
give an improvement in the life of coatings the addition of extra chemical
components onto the surface of the painting may not be desirable and the longest
life coatings will still be formed with the resin that is the most inherently stable. The
National Gallery London has the policy that it will not add stabilisers into
conservation varnishes®. This project does not consider the addition of additives

into varnishes.

1.1.6 Current varnishes preferred by conservators

The range of varnishes in use for conservation in the present time> encompasses
various solvent resins identified in sections 1.1.2 and 1.1.4. Conversation with
conservators at the National Gallerty in London® identified that the choice of a
varnish for a particular painting depended on the conservator’s preference. The
conservator’s confidence in materials and their ability to use them effectively is
dependent on their experience. With the use of a material the experience gained
means they are more likely to use it in the future, while with material which they do
not use they are not gaining the experience and the incentive to use again. A
conservator’s work can be identified by the constituent parts of a coating, provided

there is previous knowledge of their work?.

Regalrez 1094 is particularly popular of the recent low molecular weight synthetic

resins. It is capable of producing extremely glossy finishes®” %

and is extremely
resistant to degradation®*. Conservators who by trend use natural resins rather than
Regalrez cite handling property differences as a reason for not switching, as

Regalrez has lower viscosity when applying. The natural resin dammar is the first
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choice for many conservators, while mastic is only used as a last resort by some
conservators for varnishing particular surfaces®. Due to the stability of Paraloid
B72 it is a popular choice if a matte coating is required or as a layer in a multiple
layer coating with a glossier varnish. The reduced ketone resin MS2A became
popular in the UK (place of manufacture) as it was the first low weight synthetic
resin that gave a significant improvement in life span over natural resins, though this
benefit has now been superseded. Laropal A81 is the most recent addition to the
market. With low molecular weight and high stability it has the potential to become

the main rival to Regalrez as the highest performing resin.

1.2 Optical properties of varnish

A varnish coating causes visual changes of the material it is applied to. Colour™ is
the detection and interpretation of a light spectrum returned from within a lateral
resolution element by the eye. The eye (normally) consists of three (cone) types of
receptors (plus rod receptors that don’t have a role in colour vision) that have
different relative sensitivity spectrums. The interpretation of these channels by the
brain provides colour vision. For an object such as a painting the spectrum that is
being interpreted is dependent on the illumination spectrum and the filtering by the
reflectance of the object. To understand the source of the colour of a paint surface,
and how it is modified by varnishes, two types of reflection of light need to be

considered. These are surface scattering/reflections and volume scattering.

When light is initially travelling in a single direction and is incident on an optically
smooth surface, the light is reflected in a defined (specular) direction dependent on
the initial direction of travel of light and the direction of the normal of the surface.

The fraction of light incident that is reflected is given by the Fresnel equations

2
. :(nl cosf—n, cos¢j (1.2.1)
n, cos & +n, cos ¢
and
2
R, = n, cos @ —n, cos ¢ ’ (1.2.2)
n, cos @ +n, cos ¢
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Rs is the fraction of energy reflected (reflection coefficient) of the incident light with
electric field polarised in the plane of the surface. Ry is the reflection coefficient of
light with electric field polarised perpendicular to Ry and direction of travel. n; and
ny are the refractive indices of the two materials, 0 is the angle of incidence and ¢ is

resultant direction of travel through the second material, this is given by Snell’s law

n,sing=nsiné. (1.2.3)

The total reflected power fraction can be approximated (for any polarisation at near

normal angles of incidence) by

2
R =(MJ . (1.2.4)
n, +n,

The intensity of reflected light from an interface is seen to be dependent on the
refractive index difference between the two mediums (top term), which can vary
over many orders of magnitude. The dependence on the bottom term is of less
importance, as it can never be less (after squaring) than 4 and will rarely be higher

than 12, limiting its maximum effect to a factor of 3.

If light is incident on an optically rough surface it can be reflected (or scattered) in
any direction. The fraction of incident light intensity observed reflected from a
surface, as a function of observation and illuminating angle, is the Bidirectional
Reflectance Distribution Function (BRDF). Light reflected well away from the
specular direction is considered the diffuse reflection. As the optical roughness of a
surface increases, the ratio of diffuse to specular reflected light increases. Though it
may be possible that the total reflected light is affected by the optically matte
surface, this difference is not important to derive the difference in the optical
properties® of varnishes and is not considered here. The important difference in the
reflections, at interfaces with different roughnesses, is the fraction of light

reflected/scattered diffusely.
The colour of paints comes from scattering and absorption of light by pigment
particles within its volume®’. The direction of scatter of light by these particles is

independent of the direction of illumination. The modelling of the scattering and
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absorption of light within the paint volume is beyond the scope of this thesis. The
returned light, from the volume, is filtered by the wavelength dependent on

absorption of the pigment, giving the coloured spectrum.

A varnished surface can be considered as an optical system. Figure 1.2.1 shows (a)
an unvarnished and (b) a varnished rough painted surface, which are each
illuminated by a single white light source and viewed by an observer. In figure 1.2.1
(a) the light is first incident on the paint — air interface. The typical refractive index
difference at this interface will be 0.5 (Nair = 1 and nmaterial = 1.5y, resulting in 4% of
the light being reflected (from equation 1.2.4). As the interface is rough this light is
diffusely scattered. The rest of the light enters the volume of the paint where it is
adsorbed and scattered by the pigment particles. The coloured reflected light from
the volume is also diffuse. The observer of the painting surface sees both the
diffusively scattered coloured light from the volume of the paint and the diffusely
reflected white light from the surface. The white light, from the surface, is an
addition to the coloured spectrum, from the paint volume scattering. The resulting
(sum of) spectrum observed (colour) is hence lighter and less chromatic.

Light source Light source

Observer

O>

Observer

>

Light reflected

at air-paint K Light reflected
interface Incident Light ianttsg-a\;a;msh
Incident Ligh L

Transmited ™ i Reflection at varnish
. o . . é@ - Light paint interface
* - - * + * . * . * @g *
Faint consists of Figments scatter . ® . *
particles of pigments coloured light in * .
ina binder all directions
Figure 1.2.1

Diagram of optical systems of observing (a)
unvarnished and (b) varnished paint surfaces.

For a varnished painting surface (Figure 1.2.1 (b)), the light is first incident on the
surface of the varnish. This is generally much smoother than the paint substrate®,
meaning that a higher proportion of the light is specula reflected, though the total
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amount of light is similar to the air — paint interface in the unvarnished sample as
the refractive index difference is similar. The light is then incident on the varnish —
paint interface, the maximum refractive index difference that would be expected
here would only be 0.05. This would result in the maximum reflected amount of
light being approximately 0.027 % of light incident (from equation 1.2.2.4), which
is 150 times smaller than the uncoated painting interface. Though the reflection at
this interface is still diffuse the total amount of light reflected is no longer
significant to the observer. The light scattered from the volume of the paint is
unchanged. The observer in the non-specular direction still observes the colour
spectrum of light from the volume of paint, but the addition of diffusely reflected
light from the surface has been reduced as this has now been reflected in the
specular direction instead. The lack of addition of the white light means that the
colour appears more chromatic (closer to the pigment transmission spectrum). The
surface roughness of the varnish will determine how much diffusely reflected light

comes from the surface so determines the final appearance.

The BRDFs of surfaces are more complicated functions, dependent on the properties
of the surface roughness, than just a changing ratio of specular and diffusely
reflected light. Gloss is the observed properties of surface reflection due to surfaces
BRDF. Gloss can be characterised into six different quasi-subjective types®, they
are
e specular gloss — total amount of light reflected in specular direction at low
angles of incidence,
e sheen — as specular gloss but at grazing angles of incidence,
e distinction of image gloss — image clarity on reflection or transmission,
e contrast gloss (lustre) — contrast between reflections at random non-specular
angles,
e haze — intensity of light reflected at small angular displacement from
specular angle,
e macroscopic surface properties — features of lateral spatial frequency
sufficiently large to be resolved directly by eye.
The perceived colour differences of a material due to change in gloss can be

accurately modelled®.
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The reflection of light from rough surfaces can be modelled in several ways,
dependent on the roughness of the surface®® ®*. For this project the precise scattering
due to surface roughness is not considered, just the most generalised solution that
diffuse scattering is dependent on spatial frequency of roughness and the amplitude
of that frequency. The closer a spatial frequency component of roughness to the
wavelength of light, and the greater the amplitude of that roughness component, the
greater the diffuse scattering of light by that component will be. The total diffuse
scattering will be the sum of the scattering due to all frequency components.
Modelling of the change in the reflected spectra from an object due to the addition
of surface roughness has been carried out® using a Kirchhoff (physical optics)
derived approximation for the surface reflection®. The modelling was tailored to the
backscattering geometry of the “goniospectrophotometer” instrument they used in
their measurements. With the assumption of Gaussian surface statistics the variable
of dependence within this model was h/l, where h is rms roughness and | is the auto
correlation length of the surface. There was no dependence on the wavelength of
light for this model. In comparison to the Fourier description, which will be used
here, the increase in roughness amplitude is the same while the decrease in
correlation length corresponds to net increase (towards the wavelength of light) in
the spatial frequency of the roughness components.

Modelling of the transmission through varnish layers was originally attempted by a
transparent layer on a diffusely reflecting background representing the paint®’
where the effect of the internal reflections and refractions dependent on the
refractive index differences between the layers were modelled. In these two papers
the interfaces are treated as planar with no inclusion of specific interface roughness
terms. The inclusion of surface roughness into such models®® ® showed that it had
much more impact on the reflected spectrum and resultant colour than variations in
the refractive indices of the layers. These models provide the strong proof of the
dominance of surface roughness effects over refractive index in the appearance of
varnishes. However this modelling only considerers varnish layers that are in
complete optical contact (complete wetting) with the paint, to the authors

knowledge no attempt has been made to include incomplete wetting into such
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models. The relative effects of incomplete wetting in the appearance of a varnished

paint layer are currently unknown.

A painting by definition is a visual object. It would have been constructed by the
artist to look a certain way. The fact that the varnish coating affects the visual
appearance makes it an integral part of the work. When a fresh varnish coating is
applied by a conservator to a painting, the intended appearance of the work by the
artist is an important factor in what material and application method is chosen. The
precise debate on how to balance the desire for an authentic appearance with factors
such as the best preservation of the object is a contentious issue’*. The change in the
optical appearance of other components, such as the paint, with degradation
complicates the issue further. Should the closest material to the varnish used by the
artist still be used, or should the degradation be compensated for to achieve the

closest appearance desired by the artist’.

The purpose of this project is to develop and test the understanding of the physical
processes that occur during the application and drying of varnish coatings that
determine the final appearance. The better these processes are understood then the
better a conservator is able to tailor their choice of materials and method to get the
appearance they desired, while limiting drawbacks of the coating. This includes the
selection of synthetic (stable) materials to mimic the appearance of natural resins

(unstable).

1.3 Material properties and processes

To understand the processes which affect the final surface roughness of a varnish
coating this section starts from a description of what a solvent varnish solution is at
molecular level and the behaviour of the molecules at this level. It then introduces
rheology and the process of evaporation. After the introduction of these crucial
factors, the current knowledge of the levelling of drying varnish coatings is
reviewed. Next other processes that may influence the appearance of a varnish
coating are discussed. Finally the glass transition and dependence of physical

properties of dry film on the solvent are discussed.

20



1.3.1 Physical description and thermodynamics of solutions

Figure 1.3.1.1 shows the behaviour of the solvent and solute (resin) molecules
before and after mixing. The figure shows molecular movement and the
intermolecular interactions (bonds). Before mixing the solvent (a liquid) molecules
are free to move while the resin (a solid) molecules are not. After the resin is
dissolved in the solvent both resin and solvent molecules are free to move. The ease
of movement of the molecules is dependent on concentration. The total energy of
the bonds contribute to the enthalpy, H, of the system, so the relative energies of the
solvent-solvent, solute-solute and solvent-solute bonds are important to the

formation of solutions.

lf. L
A £
Figure 1.3.1.1
Diagram of the molecular forces
O o’ O . O (coloured double ended arrows),
— = o ¥ N \ molecular movement (black
A+ 5| o%, LA Ry arrows) and total volume of a
O O o solvent (A) and solute (B),

before and after mixing

The interaction of the solution can be considered and solved as a thermodynamics
problem™. From figure 1.3.1.1, the temperature and pressure is constant in the
system, the volume occupied in A is NaVm a, Where na is the moles of A and V4 IS

the volume occupied by one mole of pure A. Likewise the volume of B is ngVpg.
Upon mixing the total volume becomes n,V a +n.V s whereV; is now the partial

molar volumes. Note as pressure and temperature must be conserved, volume is not

necessarily conserved. The volume change on mixing, AVnix, is defined by

A,V =V (after)—V (before) = nA(\7A -V,)+ng Vs -V;). (1.3.1.1)

The molar volume of mixing is then given by
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A,V
AV, =——mC —x A

mix ¥Y'm mix\751 (1312)
N, +nNg

\7A+XBA

mix

where X; is the molar fraction of each component.

Likewise the molar change on mixing for other thermodynamic properties, including
enthalpy, H, entropy, S, and Gibbs, G, free energy, can also be defined. The molar

change in Gibbs free energy of mixing is given by

A, G, =A,H —TA_.S (1.3.1.3)

mix —m mix~m*

The decrease of Gibbs free energy drives the formation of the solution.

Where the interactions (bonds) between solvent-solvent, solute-solute and solvent-
solute molecules are identical, the enthalpy change of mixing is zero (the mixing of
the solution is driven entirely by entropy). This is known as an ideal solution where,
in this case only, the volume change of solution is 0 and volume is conserved on

mixing.

1.3.2 Diffusion coefficients

Diffusion’ defines the mobility of a molecule. In a homogenous varnish solution
the molecules are moving around in random walk paths, as time progresses they will
travel an average distance away from the original position. The speed of this travel
is the self diffusion coefficient, Do, of the molecule. Knowledge of the self diffusion
coefficients within a solution provides important information about the freedom of
the individual molecules. If there is a gradient in concentration, the speed of inter-
diffusion of the two molecular species into one another is determined by the mutual
diffusion coefficient, D;,. The relationship between self diffusion and mutual
diffusion can be complex. For a drying varnish film the mutual diffusion is
important for the transport of the solvent to the surface as the solvent flux, J, is
determined by Fick’s first law’*
dc

J=-Dy (1.3.2.1)
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where dc/dz is the concentration (c) (mol/m®) gradient across spatial dimension (z).

The modelling of diffusion coefficients for polymer and solvent systems can be
carried out™ " """ Molecular size and shape are important variables in the final
values”. Self-diffusion is often inversely proportional to the macroscopic viscosity
of the solutions. An example of this is the Stokes-Einstein equation for the

Brownian diffusion of spherical particles within a liquid.

1.3.3 Rheology

Figure 1.3.3.1 is a diagram of a differential cross section of a liquid between two
parallel planes, A and B, separated by distance, dz, and subject to a shear stress
between the two plane, o. The system is in a steady state with a velocity difference

between the planes of dv. The relationship between the shear rate, dv/dz, and shear

stress is
dv_o (1.3.3.1)
dz n

where 1 here is instantaneous viscosity. The most basic rheological behaviour of a
liquid is Newtonian, where the instantaneous viscosity is constant at all times and all

shear rates/stresses.

i v 3 .
Figure 1.3.3.1
dz Diagram to define
instantaneous viscosity. See
A text for definitions.
[+

Many liquids, including polymer solutions, can have a Rheology more complex than
Newtonian under common conditions. Under certain extreme conditions it could be
expected that any materials will show non-Newtonian properties (for example water

is expected to show non-Newtonian behaviour at shear rates of 10*2 s &

). Deviation
from Newtonian behaviour can be shown in three different physical frames. Firstly
in a steady state scenario shown in Figure 1.3.3.1 the instantaneous viscosity, 1, can

be dependent on the shear stress, o. This can lead to behaviours such as shear
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thickening, shear thinning and Bingham plastics. Away from a steady state scenario
the viscosity can undergo temporal hysteresis with stress, for example thixotropic
liquids are reduced in viscosity at a lower shear stress after the application of a large
shear stress. Finally an oscillating shear stress can be applied to the liquid. For a
Newtonian liquid the shear stress will always be proportional to velocity. However
many liquids will behave viscoelastically in that the shear stress also contains a
elastic (solid behaviour) component proportional to displacement. This leads to a
phase displacement between the velocity and shear stress magnitude oscillations.

1.3.4 Film drying theory

This section briefly reviews the theory of how solvents evaporate from a varnish
film. For a molecule of solvent to be removed from the varnish three processes must
occur. These are illustrated in figure 1.3.4.1 (a — c). First the solvent molecule has to
get from the volume of the varnish to the surface. As solvent is lost from the surface
there must be a difference created between the surface concentration and the
concentration within the volume. The system will tend back to a homogenous state
by the diffusion of the solvent molecules. The evaporation and diffusion are both
continuous processes and a concentration gradient will be set up within the film.
The rate of transfer of the solvent through the volume is then determined by Fick’s

first law (equation 1.3.2.1).

When a solvent molecule reaches the surface it then has to evaporate, this is a
thermodynamic process where the vaporisation pressure of the liquid solvent has to
be in equilibrium with the solvent partial pressure in the adjacent atmosphere. The

vaporisation pressure of a pure liquid is given by®!

—-L
- BT exp| — 1.3.4.1
Po m[RTj ( )

where B is a constant, L is the energy of vaporisation per mole (energy required to
break intermolecular bonds of the solvent molecules), T is absolute temperature and
R is the universal gas constant. This partial pressure for a solution is also dependent

on the concentration. The simplest relationship is Raoult’s law
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p = Cmol po (1342)

where Cno IS molar fraction of solvent, though for most solutions the relationship
will deviate substantially from this. If there is a substantial flux of solvent
evaporating from the surface, the energy required for this, L, will result in the
lowering of the local temperature reducing the vapour pressure (equation 1.3.4.1).
As a result of this the flow of heat to the surface also becomes an important

parameter.

As the evaporation is dependent on the solvent partial pressure in the gas adjacent to
the film, the rate of drying is also limited by the rate of removal of solvent
molecules from the atmosphere adjacent to the coating. This transport mechanism is
influenced by factors such as air flow over the surface and the use of vacuum

chambers for drying.

The relationship of these three processes (diffusion of solvent to surface,
evaporation of solvent and the gas transport of solvent away from the surface) in
controlling the drying rate is analogous to electrical resistors in series. This is shown
in Figure 1.3.4.1 (d). The flux of solvent is analogous to current (must be equal in
the three processes when in steady state), the potential across the diffusion is the
concentration gradient, the potential across evaporation is the energy required and
the potential across removal is the slowness of gas transport. The resistance to
drying of each step is proportional to the potential. The step with the highest
resistance will have the highest resulting potential. For example if transport away
from the surface is the main limiting factor then the concentration gradient in the

film will be small.
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< Tnterface Figure 1.3.4.1

Diagram of the three steps

required by a solvent

molecule to evaporate, (a)
. the diffusion to the surface,

() (b) Evaporation and (c)

transport away.
— — — = (d) Process analogy as an
R(diffusion) R(evaporation) R(gas transport) electrical circuit.

There has been previous studies® 8 84 85 86.87.88

into the physics and modelling of
the drying of glassy polymer films, including polymer varnishes. The glass
transition within the material has a substantial effect on the diffusion of the solvent.
This can lead to effects such as glass skinning trapping®, where a driven
concentration gradient results in a glass skin to the film reducing the evaporation
rate. The non-Newtonian rheology of the high molecular weight polymer films has
to be taken into account when modelling the diffusion®. Most varnish resins in
contrast to polymers are generally of lower molecular weight, the theoretical
modelling of such solution may be simplified in comparison to polymers with the
reduction of non-Newtonian dependencies. The author is not aware of any

theoretical studies specific to the drying of low molecular weight resins.

In this context the physical state of a varnish over all concentrations (as it dries) can
be considered. For high-weight polymer solutions the physical states passed through
will be similar to the states of the polymer at different temperatures®’. At low
concentrations it may be regarded as viscous (Newtonian) liquid, at higher
concentrations it will pass through viscoelastic liquids (rubbery) and viscoelastic
solid before entering a glassy state. For a low molecular weight varnish the
difference between the concentration above which the rheology is significantly non-
Newtonian and the concentration above which the varnish is in a glass state, is
presumably less than for polymer solutions. This is due to the smaller molecule

being less like chains needed for viscoelastic behaviour of polymers.
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1.3.5 Surface levelling

The early synthetic polymer resins (PVAes and acrylates, Section 1.1.4) provided
coatings that were much more stable than natural resins, but did not produce the
same optical appearance. As discussed in section 1.2 the difference in surface
roughness of varnish coatings is the most favoured theory, from modelling, for this
low chromatic appearance. Here the previous experimental work measuring the
difference in roughness between different varnishes and previous models of the
formations mechanisms of varnish surface roughness will be reviewed. The
levelling of drying films has been more carefully considered in other areas of soft
matter physics, such as for paint and spin coated polymers, than it has for varnish.
The physical mechanism for the formation of roughness and methods of modelling

it mathematically will be reviewed.

The reasoning for the formation of varnish roughness has previously been developed
upon on a single “no-flow” point®*°. Here the varnish film is considered to be self
levelling and remains flat and homogenous up until the “no-flow” point. Figure
1.3.5.1 (a) and (b), shows this initial evaporation of solvent that reduces the films
volume. After the “no-flow” point each lateral point of the film is considered an
independent column. These columns reduce in height as the remaining volume of
solvent evaporates. Figure 1.3.5.1 (c) shows the result of this, which leads to the
surface profile becoming a scaled version of the substrate profile, reducing the
roughness. The greater the concentration when the “no flow” point occurs the lower
the roughness. The concentration of the no flow point would be expected to be
dependent on the viscosity of the solutions. The shrinkage of the drying film is
assumed to occur in the vertical dimension only. This is fine within two limits.
Firstly the lateral extent of the film is much greater than the film thickness and the
edge of the film is pinned, this ensures there is no lateral contraction of the film.
Secondly the substrate roughness is much less than the film thickness, ensuring the
local vertical direction (the shortest distance from top to bottom interface) does not
differ from the global vertical direction (the normal to the plane of the surface)

significantly.
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solvent is gone.

The failings of this over simplified approach is highlighted when comparing the
Power Spectrum Densities (amplitudes of the different Fourier components, see
chapter 2 for definition) (PSD) of different varnish coatings and the substrates to
which they are applied®”. The single “no-flow point” model leads to just a scaled
version of the substrate profile, likewise the PSD of this is also a scaled version. In
reality all varnishes reduce the higher frequencies of roughness better than they
reduce the low frequency roughness. The high molecular weight and low molecular
weight varnishes differed in their levelling abilities across a range of spatial

frequencies.

To explain the development of substrate dependent roughness in a drying varnish
film a much more rigorous approach to the physics of the films is required. In other
soft matter areas the behaviour of liquid films is well understood®® %%, The shape
inherited by a drying film from its substrate, such as varnish on a paint surface, is
determined by the film’s levelling properties. Levelling properties are determined by
the interplay of the process by which the film is shrinking to the surface and the

process by which the film levels itself.
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The reason why the varnish surface (or any liquid surface) tries to remain smooth is
considered next. Surface tension/energy is the special case of interfacial
tension/energy when the neighbouring material is a vacuum or the atmosphere. The
classical explanation of interfacial tension and energy®* considers the comparison of
molecules within the volume of a liquid (or solid) and those at its interface. This is
shown in figure 1.3.5.2. Within a volume of a liquid, a molecule’s interactions with
its neighbours are energetically favourable and hence each interaction can be
described as a bond with energy. Across an interface the bonds between molecules
are less strong (otherwise solvation would occur and it would not be an interface).
Where this bonding is reduced at the interface it leads to an increase in energy of the
system, the interface energy. Interface energy and tension are identical, but differ in
how they are defined. When an interface is curved, the forces generated by

interfacial tension create pressure. This is known as the Laplace pressure and is

given by*
Ap = 2—R7 (135.1)

for a spherical interface, where v is surface tension and R is the radius of curvature.
The direction of curvature determines whether this is a negative or positive pressure.
This pressure is the driving force of levelling flow. It can be seen that a surface,
with lateral points with decreased radii of curvature, will undergo increased
levelling flow. For Fourier components of the same amplitude, the higher frequency

component will have the smaller rms curvature along its profile.
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Gravity also acts upon the varnish coating. Conservator applied coatings are usually
less than a few hundred microns thick. The vertical scale at which the effect of

gravity becomes significant can be defined as being above the capillary length®

G=|1, (1.3.5.2)
A9

where p is density and g is local gravitational field (9.8m/s?). For most fluids this

value is around the magnitude of a few mm (toluene = 1.8mm), therefore the effect

of gravity can be ignored.

As the surface roughness of the varnish increases due to shrinkage with evaporation
of solvent, the total surface area of the varnish increases. This increases the total
surface energy of the system, which is not favoured. The Laplace pressures drive the
levelling flow in the film to reduce the surface area. For Fourier components of
roughness with high spatial frequency the radius of curvature is smaller and the total
displacement of material needed to completely level the surface is less, so the effect

of levelling is expected to be increased compared to low spatial frequencies.

The flow at any point in a fluid is calculable by resolving forces and momentum
through the system. As compression of a drying varnish system is going to be
negligible, so the resolution of these forces can be carried out by solving the
incompressible Navier-Stokes equation®

%p+p.V.Vv+Vp =1V, (1.3.5.3)

where v is velocity, t is time, p is density, p is pressure and 1) is viscosity. The first
term is the change of momentum with time, second term is change of momentum
with position, third term is change of pressure with position and fourth term is
resistance to flow due to viscosity. A lubrication approximation assumes that, as the
velocities (momentum) within the drying film is small, so the first two terms of
equation 1.3.5.3 can be ignored. The levelling flow is driven by the differential of
the Laplace pressure and the resistance to the flow is proportional to the viscosity of
the solution.
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Analytical solutions of the rate of levelling of individual Fourier components
(specific spatial frequencies) of roughness can be found dependent of viscosity®® and
the resultant functions have been used to explain the frequency dependent levelling
of different varnishes®®. However, the surface profile and properties of surface
roughness of drying varnish films have not previously been modelled and compared
with experimental results. Such work is needed to evaluate the accuracy of the
theoretical derivations. The ability to model the final surface of a coating would be
an important tool in developing and using synthetic varnishes to achieve desired

appearances.

The levelling of coatings on textured substrates is also of interest in other fields.
These include when films are spin coated®” and how many polymer coatings are

required to remove substrate defects in polymer mirrors®.

The main varnish parameter differentiating poor and good levelling varnishes has
been identified as molecular weight? ", As can be seen from above, the viscosity of
varnish solutions is expected to have a large influence on the levelling. A link can
be made between the molecular weight of the varnish resin and the viscosity of the
varnish solution. Away from art conservation the dynamic behaviour of polymers
molecules in solution is an important part of the polymer field®, with implications
to all industrial practices which handle these solutions. The general relationship
between the resin molecular weight and viscosity is that viscosity increases with

molecular weight, though molecular weight is by no means the only factor.

For infinitely dilute solutions of a specific solution of a polymer and solvent the
relationship between molecular weight, M, (viscosity average), and intrinsic

viscosity, [n] is given by the Mark-Houwink equation®

[7]=KM,*, (1.3.5.4)

where K and a are constants specific to the polymer-solvent combination. Some
physical interpretation of these constants can be made®® . Intrinsic viscosity is
defined by
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[7]= lim m, (1.3.5.5)

Cpn—0 UOCm
where Cy, is mass concentration, 1 is viscosity of solution and ny is the viscosity of
the pure solvent. The intrinsic viscosity determines the viscosity contribution of the

polymer for dilute solutions.

Molecular weight is not the only physical parameter of a polymer chain. Polymer
chains are not necessarily linear but may branch. A polymer that is branched will

have a different intrinsic viscosity of the same polymer that is not'%.

Away from infinite dilution, the relationship of viscosity with molecular mass and
concentration becomes more complex*® 1% 1% | arge polymers can be thought of
behaving like an elastic chain. With increased the concentrations these chains can
entangle restricting their free movement. Then increasing concentration further the
polymer chains will get to a point where they can only move by Reptation'®, where
a chain can not move side ways due to the presence of adjacent chains but the ends
of the chain have a small enough cross section to pass through the gaps, pulling the
rest of the chain through space it already occupies. These effects lead to high
viscosity and viscoelastic properties of the solution, rather than it being a Newtonian
liquid. Most varnish resins used are of low molecular weight so entanglement

effects can be expected to be negligible.

Varnish resins molecules are not of uniform mass but instead the resins have a
molecular mass distribution. A histogram of the molecular mass distribution
provides qualitative information, but to get quantitative comparable values four

different weighted averages are used
oo ZMNG o XMING e MING T MEENG ) se )
TN T OINM T INME T | YN,

where M, is number average, M,, is weight averaged, M, is z averaged and My is
viscosity averaged molecular masses, with a being the constant from equation

1.3.5.4. For a monodisperse material all these values are the same. Polydispersity
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(spread of molecular mass distribution) is usually quantified as M,/M,. Importantly
polydispersity has an influence on viscosity’®. The measurement of molecular
weight distribution of various varnish resins in current use has recently been carried
out?>* The viscosity-concentration functions are crucial to the levelling properties
of varnishes. Research to establish the relationship between the statistics of the resin
molecular mass and properties of the viscosity-concentration function is important.
This will allow the future tailoring of molecular mass distribution of synthetic resins
in order to achieve the desired levelling and handling properties.

1.3.6 Other factors that influence appearance

Though surface levelling is likely to be the main process that differentiates varnish
appearance, there are other material properties and processes that may be important.

Here these properties and processes are briefly reviewed.

From the consideration of the varnish as an optical system, in section 1.2, refractive
index is an important part of the system, however it has been shown that the
refractive index differences between varnishes are insignificant compared to surface
roughness®® ™. The refractive index of various paint media, including varnishes, has
previously been experimentally measured for a selection of 19" C paintings'®. This
provides an overview of the refractive indices of oil painting material, including the

change of refractive indices with degradation.

All current modelling of varnishes as an optical system assume that the varnish
perfectly wets the paint substrate to which it is applied. The possibility that this may

not always be the case has been recognised for a long time?® 1°

, though no evidence
has previously been found and the possibility has been ignored. If air pockets do
exist at the varnish-paint interface, this may have a significant effect on appearance.
The topic of the wetting of the complex rough substrate by the varnish is also

110

closely related to its continued adhesion™ throughout the life of the coating.

In addition to limited levelling there are other causes of surface texture in drying
coatings. These lead to defects in the appearance, often descriptively labelled as

orange peel, which are undesirable in industrial coatings. As a result there already
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exists a large body of work covering the physical processes®® *** 2 The two main
physical processes are convection (Bénard**®) cells and flow driven by surface
tension gradients across the surface (Marangoni effect). In a drying film Bénard
convection cells can form (see Figure 1.3.6.1 (a)) as the solvent evaporates from the
surface causing axial inhomogeneities. These convection cells result in lateral in-
homogeneities in the system. Lateral in-homogeneities at a liquid surface result in
surface tension differences and gradients. These surface tension gradient results in a
force driving flow from areas of low surface tension to areas of high surface tension.
This is shown in figure 1.3.6.1 (b).
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Figure 1.3.6.1

Diagrams of

(a) Bénard convection cell

and (b) Marangoni flow

within drying films.
These two effects in coatings are now usually considered together as Marangoni-
Bénard convection. The pattern formed by the effect is dependent on the
components of the film'**. Like the levelling of drying film on rough substrates,
these effect can also be modelled by the lubrication approximation to the Navier-
Stokes equation™> **®, The formation of craters in coatings is an extreme example of
such effects and is modelled in a similar way''’. The spatial wavelengths of these
Marangoni-Bénard defects are generally at mm or higher. These are too long to
contribute to scattering roughness (may be considered a smooth wavy surface rather
than rough) and as a result the Marangoni-Bénard effect is not of direct interest to

this project.

Bloom is a defect that occurs during the drying of coatings that leads to a hazy
appearance. The likely cause in most cases of this defect appears to be the

condensation of contaminants and water at the surface during drying or after,
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leading to a roughening of the surface. This defect is most prevalent in humid
conditions or where there is a change in temperature. Though research into this
effect has been identified as important? the author is not aware of a large amount of
recent research specific to the effect. Though this defect will impact on the optical
appearance that this project is working on, it is regarded as an independent problem

(with independent solutions) and is not considered.

The final appearance consideration is that a drying varnish film is a liquid body.

Hence some magnitude of capillary waves (ripples) will be present*'®

. The expected
size of these waves and the impact that they would have on the varnish surface after
it has past through the glass transition temperature is negligible. No experimental

work has contradicted this expectation.

1.3.7 Glass transition

The evaporation of solvent leaves behind the final coating of resin. Solvent varnish
resins are amorphous glasses, rather than crystalline solids. The reason that
varnishes are not made of crystalline materials is simply that the crystallisation of a
coating during drying would lead to a fractured structure and rough surface
(consider a salt solution as it dries) which would not give the desired optical

properties.

The arrangement of molecules in glasses is essentially the same random
arrangement that would be found at single point in time in a liquid'*®. The transition
from a non-solid state to the solid glass state is generally considered by decreasing
the material through the glass transition temperature, T4 At T, the material
undergoes a thermodynamic phase transition. Below this temperature the material
can not undergo viscous deformation (of significant magnitude over realistic
timescales) when a shear stress is applied, but will fracture instead if the material is
overloaded. The glass state is a true solid, while above T4, materials can be

categorised by their Rheological behaviour.

The resins used as solvent varnishes all have their Tg just above room temperature®®.

The reasoning for these values is a balance of the properties of the final coating. If a
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varnish is above its glass transition temperature then it cannot be described as being
truly dry (solid). Dirt which lands on the surface of such a coating can become
imbedded inside the material® and the coating may be tacky to the touch*. However
a mechanical property of glasses is high brittleness, which is not ideal for a physical
protective coating. The glass transition temperatures of the varnish resins are not
necessarily completely discrete, meaning that some modification of the material
properties towards a less brittle state may be present close to the glass transition

temperature.

The varnish coating does not undergo thermal glass transition as it solidifies but
must undergo an equivalent transition as the concentration changes by solvent
evaporation. As the concentration of resin increases within a varnish film, the rate of
evaporation of solvent decreases. At high concentrations the evaporation of solvent
becomes slow. Small amount of solvent may remain within the film for long periods
of time? or trace amount even indefinitely. If the varnish film is in a glass state the
solvent molecules maybe considered trapped between the stationary resin molecules.
After undergoing a glass transition the molecules in a material are not necessarily
static, but their position can relax into lower energy states leading to changes in

120, 121

physical properties , this is known as physical ageing.

1.3.8 Solvent effects on final film

The retention of amounts of solvent in a dry varnish film has been introduced above.
Any amount of solvent in a film may be assumed to affect the properties of a
varnish film. However backwards interpretation of observation to this assumption
comes with a warning, the author’s discussions with conservators and conservation
scientists revealed that they are under the impression that Regalrez’s affinity to
some solvents, meaning that solvent is retained longer, is the reason why it remains
sticky for a long time (slow drying). However the stickiness of Regalrez 1094 has
been shown to exist when there is absolutely no solvent present® so is of a more

direct cause of the resin rather than slowness in drying.

However there is another solvent mechanism that can influence the mechanical

properties of a varnish film after there is absolutely no solvent remaining. For large
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polymers in solution the radius of gyration (rms spread of monomers from the centre
of the molecule) is dependent on solvent®. The energetic favourability between
solvent-monomer and monomer-monomer intermolecular bonding determines how
much polymer molecules spread (open out) in solution. For the case of an ideal
solution, between the solvent and monomer molecules, the solvent for the polymer
is known as a theta solvent. If the solvent-monomer interaction is energetically
favourable the solvent is classed as good and the polymer will open up. If the
solvent-monomer interaction is unfavoured the polymer will coil up more and the
solvent is classed as poor. The radius of gyration of polymer molecules in a glassy
film will be expected to be retained after the solvent has evaporated, this can affect
material properties of dry film. These effects have been studied for polymer varnish

films™ 4.

1.4 Summary

So far in this chapter the context and content of this project have been introduced.

The research aims of this project were:

Measure the properties of varnish solutions at macroscopic and molecular
levels and be able to relate them to the varnish solutions molecular

composition.

e Develop an OCT multi-interface profilometery method to dynamically
measure the surface profile development of a drying varnish, and the profile

of the substrate directly underneath in the same measurement.

e Model the dynamic profile of a drying varnish from the starting conditions
and material properties only. The modelling accuracy is to be confirmed

with the experimental results of the multi-interface profilometry method.
e The agreement of the modelling and measured dynamic surface profiles

(point above) will confirm that surface roughness development in varnish

(and other films) coatings match the assumed theoretical model.
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e Evaluate the importance of different factors of varnish coating (thickness,
initial concentration, resin and solvent) in the development of surface

roughness.

e Evaluate whether the trends found in controlled experiments match with

trends found for real conservator applied coatings.

e Produce and evaluate evidence for other causes of light scattering, which
will affect relative appearance between varnish coatings.

To present the research undertaken, to achieve these aims, this thesis is divided into

the following chapters.

Chapter 2 shows the selection and development of OCT for multi-interface
profilometry. The accuracy of this technique was analysed for many different
interfaces, and comparison to other broadband interferometry profilometer
techniques is made. This included determining the accuracy of the technique for

measuring the rough varnish-substrate interfaces crucial to this study.

To provide the refractive index values, needed for the correction of internal
interfaces (i.e. varnish-substrate interface), in Chapter 3 the measurements of the
dynamic refractive index of drying materials is presented. This measurement was

carried out utilising the multi-interface OCT profilometry technique.

Chapter 4 presents the use of NMR for the study of the molecular behaviour within
varnish solutions and evaluates the technique for the measurement of solvent
content within drying varnish films. The molecular behaviour measured was firstly
the mobility (self-diffusion) of the resin and solvent molecules, within varnish
solutions as they dry. Secondly it was used to provide some information on the
molecular interactions of the solvent and resin molecules. Thirdly the potential use
of NMR/MRI for the non-invasive measurement of remaining solvent content in real

varnish coatings was evaluated.
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Chapter 5 presents the measurement of the rheology of different varnish solutions.
This examines the effect of the choice of resin and solvent on the rheology across

the measurable range of concentrations.

Chapter 6 measures (with multi-interface OCT profilometry) and models (using the
viscosity-concentration functions measured in chapter 5) the levelling of different
varnish coatings on rough substrates. A comparison of these is made. The effect of
choice of resin, applied and final thickness, and choice of solvent is made.

Chapter 7 examines the optical properties of conservator applied coatings. The
surface roughness of the different coatings is measured, and these results are
compared to the previous findings of the thesis. This was done to see how well the
results from controlled scientific setups matched reality. In this section, the
significance of two other scattering sources within a varnish system was examined.
Firstly differences in the wetting/penetration of conservator applied coating was
serendipitously found. Secondly the magnitudes of scattering from within the

volume of aged varnishes were measured.
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2. OCT multi-interface profilometry

2.1 Introduction

The aim of this project was the understanding, and the ability to predict, differences
in optical properties between different varnish coatings. A major part of this was the
formation of substrate induced surface roughness during drying. There are a large
number of techniques that are used for the measurement of surface profiles and
roughness. For the measurement and comparative modelling (of the development of
roughness during drying) carried out in this project, it was necessary to be able to
measure both the varnish-air and varnish-substrate profiles simultaneously through

the drying process, with suitable accuracy.

2.1.1 Interface profiles and roughness quantification

Profilometry is the measurement of profiles and the acquisition of statistical values
of roughness from these profiles2. A 2 dimensional (2D) interface profile is the
measurement of the axial position (z) of an interface as a function of a single lateral
dimension, z(x), while a 3 dimensional (3D) interface profile is a function of both
lateral dimensions, z(x,y). In this work generally only 2D measurements are taken
and likewise modelling systems are only 2D. One important aspect of this definition
of the interface profiles is that there is only one interface position at any lateral co-
ordinate which may not match reality (further discussion given in chapter 7.1). To
compare different profile measurements, it is necessary to extract comparable
numerical value from the profiles. The first processing step is the subtraction of the
plane of the surface from the profile. With the profile level several approaches can
be used to “measure” the roughness. To extract a single value to quantify the
roughness of the profile, an average modulus distance of displacement of the profile
positions from the plane of the surface can be taken. There are several mathematical

methods of doing this including average roughness

R, :%ZN]ZJ, (2.1.1.1)
i=1

rms roughness
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R=|=>7° (2.1.1.2)

and the peak to peak roughness (highest - lowest positions). In this project rms

roughness is used as the quantified value.

The problem with average roughness values is that they do not provide any
information on the lateral spacing of features in the profile. For example take two
sinusoidal surfaces of different periods, one 1mm and the other 1um, but same peak
to peak amplitude. As long as the profiles measured are much greater than the
period of the lowest frequency surface, the average roughness values of these
surfaces will be identical even though the profiles and optical properties are much
different. Alternative methods exist to characterise the roughness of the surface
profile dependent on spatial roughness. The first of these is the auto-covariance, G,

(or auto-correlation if normalised), this is given by?

G() :%izizi_l : (2.1.1.3)

where | is the amount of lagged points (lagged length is | times the distance between
adjacent points) and N is the total amount of points on the profile. This function
takes two copies of the profile, lags the position between them and takes the product.
Figure 2.1.1.1 shows an example lagged profile (to show definition of I) and the
example profiles auto-covariance function. The lag length that the auto-covariance
function falls to 1/e of its value at 1=0 is the correlation length of the surface, and
can be regarded as the intrinsic period of the surface. The discrete Fourier
Transform (Appendix 1) of the auto-covariance function (symmetric, from —NI to NI)
is mathematically the same as the PSD (see below). However note that in the
calculation of the auto-covariance an effective window is being applied to the
surface (as the sum of the product is being divided by the original profile length
rather than the amount of profile points in the calculation at that lag length). Hence
the calculation of PSD via auto-covariance produces fewer artefacts than direct

calculation via an un-windowed discrete Fourier transform of the surface profile.
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Figure 2.1.1.1

(a) Diagram of two copies of a
surface profile (axially
displaced for viewing) displaced
by a lag distance (l) for
calculation of the auto-
covariance function.

(b) The calculated auto-
covariance function (G(l)) for
the example surface profile.
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Power Spectral Density (PSD) uses the fact that a discrete function can be
constructed by the sum of a series of discrete sinusoids (discrete Fourier transform)
with different frequencies, amplitudes and phases. The definition of PSD comes
from the signal processing field, where the electric field of a wave times by its
complex conjugate give its total power. The definition of the PSD, P, of a surface

profile is given by

P(u) = DFT (2(x)).DFT (z(x))* = |DI-—F(z(x))|2, (2.1.1.4)

where u is spatial frequency and DFT is the discrete Fourier transform. The result is
the power (magnitude) of the roughness at each spatial frequency. Differences in
magnitude and spatial properties between rough surfaces will both be highlighted
when comparing PSDs. In this project MATLAB is used to carry out the discrete
Fourier transform using a fast Fourier transform (FFT) algorithm. To overcome
sectioning artefacts within the PSD, a Gaussian window is used on the profiles

before calculation (Appendix 1).
The final method, which is used in this project to quantify roughness at different

spatial frequency, is the use of FFTs to apply spatial frequency band pass filters.

After Fourier transforming the profile, unwanted spatial frequencies were set to 0
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and the data inverse Fourier transformed back into the profile. The rms roughness of

this profile, containing only the selected spatial frequencies, was then taken.

2.1.2 Review of available techniques

Most techniques that measure surface profiles can be split into two classes. Firstly
contact mechanical profilometry methods and secondly a variety of non-contact
optical techniques. Mechanical profilometry is a standard way of measuring
roughness. Figure 2.1.2.1 is a diagram of a mechanical (or stylus) profiler. It
consists of a stylus, with a tip fine which is kept in contact with the surface by a
small force while being scanned across the surface. The vertical displacement of the
stylus is measured by a linear variable differential transformer (LVDT) or optical
transducer’. The height accuracy of the system is determined by the accuracy of the
sensor and vibrational stability of the system. In a measurement of varnished

surfaces this was 10nm?.

Sensaor
Figure 2.1.2.1
_ A diagram of a mechanical
Height daga OT a mechanica
Shylus displacement profiler.
scanned found over a
ECIEFOSS I series of points
% along the scan

w

The relative size and shape of the stylus tip, to the real surface profile, determines
the path of the stylus over the surface and hence measured profile. The effect of the
stylus size on measured profiles has been measured* and can be modelled®. Features
of smaller lateral dimensions than the stylus tip will be filtered out. The size of
stylus profilometer tips vary from radii between 20nm° and 25um. In this project
there was access to a Veeco Dektak 6M with a stylus tip size of 12.5um radius.
There were two main disadvantages for the use of mechanical profilometry in this
project. Both of these are due to being a contact method. Firstly there is always the
potential to damage the sample that is being measured and secondly the technique
has no potential to be used at any interface other than the top surface.

52



Though Atomic Force Microscopy (AFM) ' was developed from Scanning
Tunnelling Microscopy (STM), for profilometry it can be regarded as a highly
refined mechanical profiler, with a very small stylus tip and high axial sensitivity
due to measurement by laser deflection. As a result, it is often used as the reference
technique for studies in the performance of convention mechanical profilometry and
optical techniques®. For the measurement of varnish roughness, this technique was
not used as the lateral range of measurements (of the available instrument) was not
sufficient. As well as profilometry, the adaptability of AFM technique means that it

can be used to measure the mechanical properties of dry films as well®,

The first category of optical profilometry is focus detection, where the axial position
of a surface is measured, at a lateral position, by measuring where the reflection
from the surface is in focus. Of these techniques confocal microscopy® is the most
common and powerful. Figure 2.1.2.2 shows an example of a confocal system. The
pinhole apertures in the system significantly reduce the amount of unfocused light
reaching the detector. This means that the majority of light being detected only
comes from within the instrument resolution of the point in three dimension space
being measured. This three dimensional resolution element can be described as a
voxel. The position of this voxel can be scanned through a sample to produce three
dimensional tomographic imaging. To measure the position of a surface, fitting can
be carried out to the axial point spread function of the surface in the same manner as

is done for this project with OCT.
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Confocal microscopy is a potential alternative method for carrying out the multi-
interface profilometry work carried out by OCT (or any other broadband
interferometric method) in this project. However there are some important
differences in capabilities of the two methods. OCT has much greater sensitivity
than confocal microscopy™. The multi-layer profilometry of a polymer coating on a
substrate has previously been done with confocal microscopy ', however the
substrate used was metal with a reflection coefficient approaching unity (100%),
giving easy identification of the signal. Compare this with the expected ~0.027 %
Fresnel reflection for a varnish - paint binder interface. The amplitude of reflection
from a glass-varnish interface will be similar. For the experimental work carried out
in this thesis, where varnishes are applied to a ground glass substrate, the amplitude
of reflection from the Fresnel reflection, at the varnish-glass interface, is much
smaller than has previously been used to measure an interface with confocal

microscopy.

The second group in optical profilometry is the use of interferometery to achieve
axial ranging. Figure 2.1.2.3 shows a diagram of a generic Michelson type
interferometer. In this work Michelson type will refer to any optical interferometer
with separate sample and reference paths where their return paths are quasi-identical
to the forward path. As such includes Michelson, Linnik and Mirau setups but does

not include Mach-Zander and Fabry-Perot.
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Phase Shifting Interferometry ** (PSI) is a highly precise method (commercial
accuracies are as good as 0.1nm®®) that recovers relative axial positions from the
phase of the interferogram. A Michelson type interferometer (Figure 2.1.2.3) is used
with a monochromatic light source. The detector records the intensity, I, of the
signal (this is usually done with a 2D CCD or CMOS camera with full field optics to
measure all the 3D surface profile at once). The relative path length difference
between the sample and reference path are changed by a fraction, 1/N, of the wave
length of the light, . From these intensities the relative phase of the interferogram
can be calculated. An example of such an equation for four quarter wavelength step

measurements is given by

¢= —tan‘{@} : (2.1.2.1)
I, -1
The difference of the phase, between adjacent lateral points, can then be equated to
the difference between the path lengths, hence the surface height. However this is
only a relative measurement. If the surface height difference of two adjacent
measured points is greater than a quarter of the wavelength of the light, the absolute
displacement between them is lost. In these cases PSI will be unable to distinguish
the surface heights correctly. The resulting errors are called phase ambiguities.
These errors mean that the technique is unable to measure surfaces with significant

roughness, slopes or discontinuities.
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To overcome the problems of PSI measurements there is a different interferometric
approach that can be used. White Light (or broadband) Interferometry (WLI)* 1>1¢
uses light with a broad bandwidth, hence low temporal coherence. In an
interferometer, interference is only measurable when the path length difference of
light is within the coherence length of the measured light. To achieve axial ranging
in a Michelson type interferometer (figure 2.1.2.3) the relative path difference
between the reference mirror and sample arm is scanned. When the reference path is
within the coherence length of the reflection from the sample an interferogram will
be formed. Figure 2.1.2.4 gives a simulated interferogram from a reflection from a
surface. The centre of the coherence envelope corresponds to the position of the
surface. In WLI profilometry this position is found with high accuracy and the value

returned to the user.
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The acquisition of the ranging information by changing the relative path lengths of
the arms of the interferometer is known as Time Domain (TD). Axial ranging
information can be recovered, without displacement of the path lengths, by
measuring the spectrum of the returned light. This is known as Fourier (or
Frequency) Domain (FD). The mathematical derivation of how this works is given
in the OCT introduction below (section 2.1.3). Profilometry with FD instruments

has only seen recent limited use®” *8.

WLI can distinguish between reflections separated by axial differences greater than
the coherence length of the instrument. This means that it is capable of measuring
multi-interface profiles'®. Away from profilometry, the same instrument can be used

to return to the user the amount of coherence signal as a function of 3D position to
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produce tomographic images. When WLI instruments are optimised for the purpose
of imaging, it is known as Optical Coherence Tomography (OCT)®. This
optimisation also improves its potential for multi-interface profilometry. OCT is
introduced below (section 2.1.3).

WLI does not have as good as accuracy as PSI, a typical quoted accuracy of a
commercial system is 3nm*®. When measuring rough surfaces with multiple sample
path lengths within the resolution voxel of the instrument, the technique is subject to
profile artefacts®™ %, If the surface is in question is a regular rough surface these
errors can be described as diffraction® related, while if the surface is randomly
rough then the description would be speckle? error. The accuracy and reduction of
artefacts of WLI can be improved by the incorporation of phase measurement®,

A Veeco Inc. Wyko NT1100 has been used in this project (mainly for validation and
comparison of the OCT profilometry method developed). This instrument can be set
up to undertake WLI or PSI measurements. It uses a thermal halogen lamp source
(filtered for PSI). The result of using this light source was that the instrument not
sensitive enough (requires 1 % reflection) to detect most interfaces that were to be

measured in this project.

The third class of optical profilometry is the projection of a known pattern upon the
object. The surface profile is then reconstructed from the measured distortions of the
pattern. There are a wide variety of methods of pattern projection and reconstruction
of the surface. These methods have been widely applied for the measurement of
works of art and archaeological objects®® 2¢2728:29.30.3L.32 Thege techniques are
generally used to measure objects of scales greater than is measured in this work.
The accuracy of these technique ranges from 100s of microns® to an axial precision
of 1um®, though in this case lateral resolution is 0.5mm. As a result of the poor
lateral resolution and axial precision of these techniques they are not suitable for the

work of this project.

Surface roughness statistics can be measured without the measurement of the profile
itself. The bidirectional reflectance distribution function (BRDF) of the surface

contains the information on the surface properties. This is exploited to measure
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roughness statistics in gloss meters, Total Intergrated Scattering (TIS), Angle
Resolved Scattering (ARS) and diffractometers (optical Fourier transform of surface

reflection)® %,

In the field of thin films®* (in this context a solvent deposited varnish film would be
regarded as a “thick” film), elipsometry® is a powerful technique to deduce
multiple properties of films from their reflection of polarised light. The ideal
conditions for this technique are uniform films with little interface roughness, which
is not the case for real varnish coatings and measurement of surface roughness
development. As a result the technigue has not been used in this project. It has been

used previously to measure varnish coatings in a laboratory environment®,

The majority of conventional profilometry instruments are only able (and designed)
to measure the surface of samples. A major requirement for this project is the
measurement of weakly reflecting internal interfaces. Though confocal
microscopy™ and (non OCT system based) WLI™ do have the potential for
measuring multiple interfaces near simultaneously, the lack of sensitivity of the
available instruments meant they were unable to meet the needs of the project. To
provide the required capability, a multi-interface profilometry method, using a
commercial FD OCT, system was developed.

2.1.3 Optical Coherence Tomography (OCT) for multi-
interface measurement

OCT is broadband interferometry that has been optimised for tomographic imaging.
The main purpose of the technique®”*** has been to give video rate images for
bio-medical use, particularly in vivo. As a result of this purpose the focus of
development of the technique has been on sensitivity. The choice of light sources, of
OCT systems, is an important criterion to achieve this sensitivity. The high
sensitivity allows the weak scattering within a bio-medical sample to be
distinguished from noise and artefacts in very rapid measurements. This high
sensitivity of the method allows reflections of many orders of magnitude to be
measured (high dynamic range). Like WLI profilometry, the early OCT systems

were Time Domain. However the desire for faster sensitive systems has meant that
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the use of Fourier Domain*® methods, including with a spectrometer or swept source

laser, have took a large part of the market, unlike for WLI profilometry.

Though OCT is primarily a bio-medical imaging technique, its use in different fields
has been established™, including in art conservation and archaeology **' #*.
Qualitative imaging of dried* and drying® has previously been carried out. The
high sensitivity of OCT allows faint interfaces, such as the matte glass-varnish
interfaces used in this project, to be seen. All visible interface (with strong and
consistent (along its profile) enough signal) within an OCT image can be processed
in the same generic manner as the raw signal within a WLI profilometer. This will
give the profile of those interfaces with high accuracy. This ability allows the
measurement of varnish-ground glass interfaces while simultaneously measuring the
profile of the varnish surface directly above. These two profiles can then be directly

compared dynamically, to show how the two are related during drying.

The potential of the use of OCT instruments for profilometry is only starting to be
realised. Recently the use of a time domain ultra high resolution OCT to measure
the topography of glossy paper* produced a standard deviation of 60nm of the
position of peak signal, but went no further in exploring the error of the profilometry
for different surfaces. The use of FD OCT for profiles of canvas paintings and
measuring varnish thickness has previously been published* but without a focus on
achieving sub-resolution accuracy. This project is the first work exploiting OCT to

measure the profiles of two interfaces simultaneously with the highest accuracy.

Figure 2.1.3.1 shows the three main setups used in OCT systems. The original
design of OCT systems was a Time Domain (TD) setup like most WLI profilometry
methods, with a scanning reference mirror to get the depth information (Figure
2.1.3.1 A). Though this is still a popular OCT set up, alternatively, a Fourier
Domain (FD) interferometric setup can be used to retrieve the same axial
information®’. The reference mirror is fixed and the light returned is measured with
a spectrometer (Figure 2.1.3.1 B). The Fourier transform of this spectrum contains
the axial structural information of the sample. FD OCT is a popular method due to
the need for rapid video rate measurement as a biomedicine imaging technique. This

is due to the inherent improvement in signal to noise over the time domain method*.
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A variation on the Fourier domain principle is the use of a Swept Source (SS) laser
as the light source (Figure 2.1.3.1 C), which removes the need for the spectrometer

as the wavelength of light is scanned temporally.
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Figure 2.1.3.1

Diagrams of the three most common implementations of
Optical Coherence Tomography (OCT).

A — Time Domain (TD), B — Fourier Domain (FD) and C —
Swept Source (SS) (Variant of FD).

OCT wuses interferometry to achieve axial ranging in the instrument. In an
interferometer light from a light source is sent down two physical paths before being
recombined. After the recombination, the classically described Electro-Magnetic
(EM) waves returned from both paths will superimpose. The resultant intensity from
this superposition is dependent on the relative phase difference between the two
paths. The resultant intensity at any point, I, by the superposition of these coherent

waves, I, and I, is given by*®

I =1,+1,+2L1, coss. (2.1.3.1)
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Where 6 is the phase difference between the two waves. As the intensity of an EM

wave is proportional to the electric field squared, | oc E?, this can also be expressed

as

E’=E’+E,” +2EFE,cos§. (2.1.32)

The phase difference of interest is that due to the relative time delay between the
light paths to the detector. This phase difference between two paths of a single

monochromatic wave is given by

S=A,  f27+AD, = AL, .0+AD, |, (2.1.3.3)

Where At,.; is the time difference between the two paths, f is the frequency and o is
the angular frequency of light. There are other sources of phase differences, AD,
between the paths. These include phase change on reflection and dispersion (group
and phase velocities being different). The dependence on frequency of light of these

phase differences is taken to be negligible and hence a constant.

Considering an FD OCT system (Figure 2.1.3.1 B) with a sample with N reflections
at different depths, the signal at the spectrometer is described as

N N N
I (w) =T.R*.S(w) ﬁLT.S(c:)).Z:Z:hjhk cos(wAt; , +AD; )+ 2.T.R.S(a)).2hj cos(w.At; + AD ;)

j=1 k=1 j=1
(2.1.3.4)

where | is intensity, T is the transmission coefficient of the interferometer (beam
splitter energy transmission coefficient multiplied by its energy reflection
coefficient), R is the field reflection coefficient of the reference path, S(w) is the
source intensity spectrum, h; is the field reflection coefficient back into the
instrument of reflection j, likewise for k, Atj.« is the time of flight difference between
reflections j and k and At; is the time of flight difference between the reflection j and
the reference path. The definitions of the constant phase differences (®) subscripts
are the same as the time of flight subscripts. It should be noted that this has
approximated the superposition by only considering the superposition of two fields
(paths) at a time, rather than all the fields together. The intensity of the paired

interference calculations is then summated together as if incoherent to each other.
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An example measured spectrum, with one strong refection in the sample, is shown
in figure 2.1.3.2 (a).
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Taking the modulus of the discrete Fourier transform of the spectrometer signal

(equation 2.1.3.4) gives

I(t) =|DFT(1(®))] =T.R* |DFT(S(@))+T.

N N
DFT[S(a)).Z > h;h, cos(wAt , +AD )j

j=1 k=1

N
+2TR. DFT(S(a)).Z h; cos(w.At; +AD )J

i1

(2.1.3.5)

Figure 2.1.3.2 (b) shows the result of the discrete Fourier transform for the example
data. The first term is the “DC” component from the reference arm, and the
component of the second term where j=k is the “DC” component from the sample
arm. These components do not contain spatial information and appear after the
Fourier transform as a strong signal at zero path length difference. This “DC” signal
has to be subtracted from the final image.

When j#k in the second term (of equation 2.1.3.5), the multiple reflections in the
sample arm also superimpose on each other, this leads to common path interference.

Usually, due to the reflections in the sample being small in magnitude compared to
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the reference mirror, these are usually of insignificant magnitude. However, if the
sample contains a strong reflection, this can act in the same way as the reference
mirror creating partial static artefact images, which do not move with the sample’s
axial position but does change in magnitude (and clarity) as the sample moves

through the focus. This is classified as common path interference.

The third term (of equation 2.1.3.5), containing the intended spatial information can

be resolved by convolution theorem*’ | giving
I'(t) = 2T.RIDFT(S(w)) @ihj(gmj . (2.1.3.6)
=1

The final signal is seen to be the convolution of the axial information (relative path
times and intensities of reflections) of the sample with a Point Spread Function (PSF)
of the instrument, which is the Fourier transform of the source spectrum. Hence the
broader the spectrum (frequency not wavelength) of the source the smaller the PSF

and higher the axial image resolution of the system.

So far, during the mathematical derivation of axial OCT signal, the path length
differences in the interferometer have been purposefully kept as time. Usually time
delays within an interferometer are converted rapidly into length, which is the

quantity of interest. If the medium of the sample is a vacuum, then the conversion to
. . At. . .
distance is simply Ax = % where c is the speed of light and factor 2 comes from

the light travelling the path twice, forward and back. However most samples,
including varnish layers, do not approximate vacuums as the speed of light through

the material is significantly reduced.
In most materials the speed energy and information is carried, through it by light, is
determined by the group refractive index, ng, of the material at the frequency of the

light. The speed of light through a material is hence given as ¢ () = & . If the
g

sample being measured consists of several layers of different materials, then the
conversion of the reflection by the back interfaces (j) of the layers to distances is

then given by
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Ax, =2y (2.1.3.7)

c, AL,
2 1T Ny

where Aty is the time taken to travel through layer k and ng is the group refractive

index of that layer.

2.2 Instrument and methods

2.2.1 Instrument

For this work, a commercial “spectral radar” FD OCT (SROCT) from Thorlabs HL
(OCT930SR*®) was used. Figure 2.2.1.1 is a schematic diagram of the instrument. It
consisted of a unit, containing the light source and spectrometer, connected to the
probe, with the interferometer, by a single fibre optic cable. The instrument is
controlled and measured data is then processed to form the images by a PC. The
light source of the instrument was a Super Luminescent Diode (SLD) with a central

wavelength of 930nm and a band width of 100nm.

Fiber Optic

. - == g
»- +

Figure 2.2.1.1

Schematic diagram
— -— of Thorlabs HL
Datalines Light OCT9308R .

1 © Thorlabs HL.

- Referance

Amn
Z7N

| | Handheld
|| Seanning Probe
- |
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The optics of an OCT instrument is as important as the interferometer, as it provide
the lateral resolution of the image. In the Thorlabs SROCT instrument a probe
beam/spot is scanned laterally across the sample by the optics. At each lateral
position the axial data is recovered by the interferometry. Two sets of optics were

used during this work, first the standard “hand held” probe and secondly a larger
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probe with a longer working distance. The hand held probe was used for the
majority of the work. During measurements the probes were attached to a motorised
three axial micrometer stage. In both probes the probe beam was scanned across the
sample by the use of a galvanometer in the sample arm. To construct a two
dimensional optical section, the axial data sets (image columns) are put together for
evenly spaced lateral positions. Often terminology from ultra sound is used to
describe this process, with the individual depth signals being called “AScans” and
the resulting 2D optical sections being known as “BScans”. In this work the terms

axial data and images are used instead.

For the processing of the axial data, though the mathematics of calculating the axial
signal from the spectrum of light is straight forward, a few addition steps need to be
carried out on the raw data before the final image is produced. These are needed to
ensure optimum image quality and overcome practical aspects. A (CCD or CMOS)
detector, used by an OCT system, will have a thermal signal present when no light is
incident on it (dark current). This dark current is measured before (with equal
integration time as measurements), with no light incident on the detector, and

subtracted from the raw data.

The discrete Fourier transform requires the data to have uniform frequency
separation (k space). However the majority of spectrometers are designed to have
uniform spacing in wavelength (A space), though it is possible to design a
spectrometer with uniform spacing in k space and use within an OCT system™®. The
third stage is to convert from A (wavelength) space to k (frequency) space. The
equal A space data from the detector is converted into equal k space by use of a
spline. Along with sensor non linearity this will be a contributory factor in the
distortion of the sinusoidal signal leading to harmonic ghost images from strong
signals. A recent alternative method, which overcomes the limitations of splining, is
the use of a non-uniform Fourier transform of the uneven k-spaced sampled raw

data®.

As the point spread function of the instrument is determined by the Fourier
transform of the (effective) measured spectrum, consideration needs to be given to

the spectrum shape measured by the detector. This is dependent on two factors that
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lead to a non-optimum shape of the spectrum, hence PSF. Though separate
problems, their effect on the spectrum is corrected for in one step. Firstly the light
source spectrum will not be identical to an optimum mathematical function, with
low high frequency Fourier components. The real spectrum shape will have
increased high frequency components, leading to a broader PSF and image artefacts
from the high frequency structure of the DC component. Secondly, the detector in
the spectrometer measures a finite top hat window of the spectrum. The Fourier
transform of a top hat function is a sinc function, so this discrete sampling of a
spectrum results in ringing artefacts in the image. To overcome these two effects a
weighting function (W(w)) is applied to the raw data, before the Fourier transform,
to change the raw source spectrum (S(w)) into a more optimum (the desired) shape
(S’(w)). Figure 2.2.1.2 (a) shows a measured spectrum from the Thorlabs SROCT
instrument, along with an example desired (optimum) function. To achieve the
optimum/desired image properties there are three separate factors this function
needs to balance. The first is that the function should taper to zero at each end of the
measured window, to minimise ringing due to finite sampling. Secondly the Fourier
transform of the function should be narrow (also with no high frequency
components, which would give image artefacts) to give the maximum axial imaging
resolution. Thirdly, assuming noise variation over the spectrum is negligible, the
higher the increase in weighting of parts of the spectrum, compared to the average
weighting value, the more signal to noise is decreased, i.e. more the spectrum shape
is changed the lower the resulting signal to noise. The desired function will be
chosen to balance these factors. For OCT signal to noise is not crucial issue in the
choice of function, as the raw function already closely approximates function that
meet the criteria the other two factors. The choice of an OCT desired function is
made to balance with width of the PSF and ringing artefacts. In this project a Hann
(erroneously called Hanning by the instrument manufacturers) function was chosen,
which is shown with the raw spectrum in figure 2.2.1.2 (a). From these two
functions, the weighting function, that is to be applied to all the data, can be
calculated by
S (o)

W () 5@ (2.2.1.1)

This function is shown in figure 2.2.1.2 (b).
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This process makes use of the fact that digitally weighting the measured data is
mathematically the same as physically filtering the raw light source. This is
important to profilometry as the shape of the PSF, for a reflection from a single
axial depth only, is the discrete Fourier transform of the chosen function (S’(®)).
However for most real surfaces there is going to be a variation of the axial position

of the surface within the three dimensional resolution element of the instrument.

The next stage in the processing of the data is performing the Fourier transform. The
discrete Fourier transform is carried out by use of a fast Fourier transform (FFT)
algorithm and the modulus of the result is taken. In the Thorlabs OCT the
penultimate stage appears to be the subtraction of the DC components of the signal

from around the zero path length difference. The output is then converted in to
decibels (dB)

dB =20log,, I'(t) (2.2.1.2)

to produce the images. The conversion to dB is crucial for the presentation of the
images, as it allows the viewer to see reflections of very different magnitudes on one
image, utilising the dynamic range of OCT. The Thorlabs FD OCT used in this

work returns the dB images as the output. This is the only data with which interface
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positions were calculated. When processing the outputted dB images they were

usually converted back to linear units.

The signal, from the instrument, of an interface is given by the convolution of the

instrument PSF with the position of the interface

I'(t) =2T.Rh;|DFT(S' ()| ®35, , - (2.2.1.3)

The accuracy of the position of the interface is determined by how accurately you

can determine the centre of the PSF, like traditional WLI profilometry methods.

2.2.2 Interface identification

Before the position of an interface can be fitted to a PSF, the PSF was detected
automatically. Erroneous identifications were a large source of error. To overcome
this, automatic search algorithms were developed for each scenario. For surface
profilometry (the majority of samples) it was only needed to take the brightest pixel,
in each axial data set, as the centre of the surfaces PSF. The measurement of
applicator applied varnish coatings, on ground glass substrates, was an example of a
scenario where a number of steps were required to recover both interfaces reliably.
First an axial search range was set manually, which included both interfaces but
excluded image artefacts. Second the highest value pixel in the range was found
automatically, this position usually corresponded to the surface reflection. Third the
highest pixel is automatically found within a set range of pixels behind the identified
surface pixel, this was to exclude the sides (and ringing) of the surface PSF from the
searched pixels. This pixel should correspond to the substrate profile. In a case such
as this erroneous identifications can be common, so post processing algorithms were

often applied to final profiles to remove remaining (obvious) anomalous points.

2.2.3 Measurement of instrument Point Spread Function (PSF)

To determine the best method of finding the centre of the axial point spread function,
hence the axial position of an interface at that lateral position, an experimental
approach was used. This approach was taken, rather than directly fitting a
theoretical derived PSF (Fourier transform of the effective source spectrum), as
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experimental factors, such as dispersion and combination of lateral resolution,
surface slope and texture, would act to distort the PSF from the theoretical solution.
Here an experimental method and results of the measurement of the instruments

PSF, for a flat interface, are presented.

The point spread function, of an interface by the OCT system, can be taken from the
measurement of that interface. However the axial data sampling, 3.1um per pixel, is
far too low for a single data set to give a detailed image of PSF. To measure the
detailed PSF the axial sampling needs to be increased. This is done by a simple

experimental method.

The OCT probe was attached to the 3 axis micrometer stage, with a standard flat
surface placed on the bench underneath the probe. While the OCT system took
streamed measurements of the surface, the computer controlled micrometer stage
was used to move the OCT probe towards or away from the target at a constant
small velocity. This gave a small, fraction of a pixel, axial shift between temporally
adjacent OCT images. These series of images were then combined into to one image
with much greater axial sampling. To reduce noise in the measurements, such as due

vibration, the raw data was smoothed by boxcar averaging.

Figure 2.2.3.1 shows an example of an axial intensity profile, taken from the
standard flat interface, by this shifting method. Many distributions are often well

approximated by a Gaussian (or statistically normal) function,

A= Ag Co" (2.2.3.1)

A Gaussian function was fitted to the smoothed PSF data to see how good this
approximation is. The function was found to be good for the central part of the PSF
but deviation increased away from the centre.
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Figure 2.2.3.1

The system axial point spread
function measured by
“shifting” the position of the
surface by sub pixel amounts
between measurements. A
Gaussian fit to the data is
shown as a solid curve. The
vertical line marks the centre
of the PSF found by this fit.
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The intensity of signal from an interface is dependent on its axial position within the
image. This is due to two reasons. Firstly the focus of the optics of the sample beam
is at a fixed position within the image (neglecting refraction). As the position of the
interface moves away from the focus, the amount of light returned back into the
interferometer is reduced, lowering the signal. Secondly the resolution of the
spectrometer (including finite detector pixels) is limited, which leads to some loss of

signal with distance away from the reference path length™".

With the degradation of signal with axial position, it was possible that this may
change the PSF dependent on the interface position in the image. The PSF of a
smooth interface was again measured by the shifting technique, this time at three
different heights in the image, the top, middle and bottom. Smoothing was not
applied to these data sets but they were rescaled so that they have the same
amplitude and central position to aid visual comparison. This is shown in figure
2.2.3.2. It can be seen that the measured PSFs from the top and middle of the image
are similar. However the PSF of the weakest of the signals from the bottom of the
image is different in shape and significantly broader away from the centre of the
peak. This is a relatively benign example, showing that for a flat interface the PSF
does not show significant variation if the bottom of the image is avoided. However,
as will be shown later, the measurement of textured surface does have a significant
impact on the PSF shape, due to speckle/diffraction effects. Also the PSF on an
interface will be broadened (change of shape) if it is imaged through a (significant

thickness of) dispersive material.
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Figure 2.2.3.2
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2.2.4 Evaluation of methods to find centre of PSF

To determine the best method to accurately find interface positions from their OCT
axial PSF, several methods were initially evaluated. In this evaluation the accuracy
of the method was the main criteria, though the computational speed of the method
and potential for stability were also considered. In order to measure the difference in
error between each method, the same image data sets were used for each method
allowing direct comparison of measured profiles. The surface measured was a
Veeco standard flat surface used to calibrate optical profilometers, it was measured
to be was flat to <10nm by use of Phase Shifting Interferometry (PSI) (with the
Veeco instrument) (Figure 2.2.4.1).
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Figure 2.2.4.1

PSI surface profile of
standard flat surface used
to evaluate error of
different methods of
finding the centre of an
OCT PSF for
profilometry.

For the measurement of the surface with OCT, the large (long working distance)
optics was used. Due to the instrument optics of the OCT, the optical path length
across the image is not uniform, leading to curvature of the image and profiles. This
curvature can be measured by the measurement of the standard flat surface. This can
then be subtracted from any other measured profile (as long as the optics of the
instrument are not altered in-between), removing this artefact. So in order to
measure the surface correctly, two separate measurements were needed. The first
measurement acting as the measurement of curvature was carried out with the
shifting technique to give increased sampling and signal to noise, this aimed to

ensure the best accuracy of the measurement.

Then in a separate measurement at a separate location on the standard flat surface, a
single static image measurement of the surface was made to simulate the taking of
data in a real situation. In both cases the calculation of position was done with pixels
within ~6um axially of highest value pixel. With each technique, the interface
profiles were measured from the single and shifted data sets and then the two
profiles were subtracted together. The mean and slope of the resulting profile were
subtracted, leaving only the residual (error). It is likely the errors in the
measurement add as the root mean square, hence the difference in standard
deviation of the final residual profiles are attributed to the difference in the error of

the fitting, as all the other sources of error will be the same for each measurement.
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