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The aim of the investigation was to develop the use of topographic and nano-adhesion
atomic force microscopy (AFM) studies as a means of monitoring the coalescence of la-
tex particles within films produced from a pharmaceutically relevant aqueous dispersion
(Eudragit®NE30D). Films were prepared via spin coating and analysed using AFM, initially
via tapping mode for topographic assessment followed by force-distance measurements
which allowed assessment of site-specific adhesion. The results showed that colloidal par-
ticles were clearly observed topographically in freshly prepared samples, with coalescence
detected on curing via the disappearance of discernible surface features and a decrease in
roughness indices. The effects of temperature and humidity on film curing were also stud-
ied, with the former having the most pronounced effect. AFM force measurements showed
that the variation in adhesive force reduced with increasing curing time, suggesting a novel
method of quantifying the rate of film formation upon curing. It was concluded that the AFM
methods outlined in this study may be used as a means of qualitatively and quantitatively
monitoring the curing of pharmaceutical films as a function of time and other variables,
thereby facilitating rational design of curing protocols.
© 2018 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Film coating has been widely used within the pharmaceutical
industry for purposes including product protection, sustained

release, enteric dissolution and taste masking [1-4]. As a result
of safety, economic and environmental concerns, pharma-
ceutical films prepared via aqueous dispersions have become
dominant compared to organic solvent-based systems [5-7].
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Fig. 1 - Illustration of the three stages of the film formation
process prepared using aqueous dispersions.

Commercially available aqueous dispersions are typically
latex or pseudo-latex systems, comprising colloidal disper-
sions of polymer in an aqueous base [8]; these are typically ap-
plied by a spray coating process to batches of tablets or pellets
under continuous agitation at mildly elevated temperatures
[9]. A curing process after coating is required to complete coa-
lescence to form a homogeneous and continuous film [10]. It is
well established that appropriate curing conditions are neces-
sary to achieve the required performance functionality [6,11],
and hence the rational development of curing processes is of
considerable interest. Nevertheless, despite the widespread
employment of aqueous coating dispersions there remains
a need to develop precise quality control methods for film
curing, particularly in terms of in situ use. Indeed, identifica-
tion of the completion of film formation remains reliant on
empirical assessment or repetitive dissolution tests [5,12,13].

The mechanism of the film formation process from aque-
ous dispersions is still under study due to the complexity of
the curing process [14,15], although a classic basic model has
been suggested which comprises three stages including water
evaporation, particle deformation and film coalescence as il-
lustrated in Fig. 1 [8,16]. Water evaporation occurs throughout
the entire film formation process, starting from the particle
impingement onto the substrate surface during coating to
the later stage of film coalescence where water evaporates
by diffusing through the formed films in the upper layers
[17,18]; consequently, variations in water evaporation rates at
different stages of curing having been demonstrated in the
literature [19]. More specifically, a constant water evaporation
rate close to that of pure water has been suggested when
the water content is sufficiently high (solid concentration
below 50%, w/w), hence this may be applicable to freshly
cast films [20]. Upon curing, more complex mechanisms
may be apparent in terms of evaporation route as well as
more macroscopic effects such as water evaporation taking
place via a drying-front pattern whereby loss occurs princi-
pally from the film edge or extremity, creating a transitional
dry/wet boundary towards the central wet area which recedes
as evaporation continues [21].

Particle deformation also takes place, leading to the forma-
tion of void-free structures within the film. The driving forces
of the particle deformation process are related to polymer-air,

polymer-water and air-water surface interfacial tensions
associated with water evaporation [22-24|. A number of
detailed theoretical approaches to explain deformation have
been suggested including dry sintering, wet sintering and cap-
illary compaction [22,25,26]. For example, the capillary force
resulting from water evaporation from the void between two
adjacent particles may be described by considering the parti-
cles as elastic bodies, yielding the following relationship:

G(t) < 35ywa/R @

where G(t) is time-dependent shear modulus, ywa is water-air
surface tension and R is the particle radius [23]. This rela-
tionship indicates that the deformation force is inversely
proportional to the particle size of the aqueous dispersions
[14]. In addition to capillary forces, a compressive force has
also been reported to assist the particle deformation whereby
the water in the interior of the film must diffuse through the
upper layers to evaporate, in turn generating a downwards
vacuum-like force to compress the lower particles [27]. Par-
ticle deformation is a pre-requisite for coalescence, whereby
inter-diffusion of polymers in adjacent particles takes place
with the elimination of the intervening boundaries. This poly-
mer inter-diffusion, which is driven by the molecular mobility,
enables the formation of a homogeneous and continuous film
and has been successfully observed using small angle neutron
scattering by monitoring deuterated polymers in the film [28].

From a more empirical and practical viewpoint, the for-
mation of a continuous film is dependent on the minimum
film formation temperature (MFFT) which is visually judged
by preparing films on a bar with a temperature gradient [29].
The MFFT is generally above the glass transition tempera-
ture of the polymers, at which molecular mobility increases
allowing inter-diffusion upon curing [30]. However, the inter-
dependence of the three stages mentioned above (evapora-
tion, deformation, coalescence) result in significant difficulties
in accomplishing a complete quality control of film curing us-
ing conventional microscopic and spectroscopic techniques.
In addition, aqueous dispersions in the pharmaceutical indus-
try are multi-component systems which may contain complex
mixture of components such as water, polymers, surfactants,
co-surfactants, plasticisers and talc; this complexity may fur-
ther impede development of precise quality control protocols
for the film curing process [31].

Overall, therefore, there is a definite need to develop meth-
ods by which the film curing process can be assessed and
monitored in pharmaceutically relevant film samples, partic-
ularly in terms of coalescence as this represents the point at
which a continuous and hence functional film is formed. In
this study we explored the use of atomic force microscopy
(AFM) to monitor the curing process of films composed of a
typical pharmaceutical aqueous dispersion, Eudragit® NE30D,
prepared using spin coating, as function of curing conditions.
Monitoring film curing using AFM has been previously re-
ported [32-34], although the use of AFM as a process devel-
opment tool for pharmaceutical aqueous latex systems has
not been extensively explored. Eudragit® NE30D is composed
of a copolymer (ethyl acrylate and methyl methacrylate) and
surfactant (Nonoxynol 100) and has been widely applied to
the coating of solid dosage forms to sustain drug release. This
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material is well suited to the development of new quality
control tools due both to its widespread use and pharmaceu-
tical relevance as well as previous reports of changes in drug
release profiles from substrates coated by such products on
aging [4,13].

Here we use a range of AFM interrogation methods includ-
ing topography and mechanical adhesion assessment, while
we also examine the effects of temperature and humidity on
the curing process. Our overall aim is to assess whether AFM
may be used as both a quantitative and qualitative method
of monitoring the curing process during film formation from
aqueous dispersions.

2. Materials and methods
2.1. Materials and sample preparation

Eudragit®NE30D was kindly donated by Evonik Rohm Co.KG,
Darmstadt Germany. The product is an aqueous dispersion
of a neutral copolymer based on ethyl acrylate and methyl
methacrylate with a solid concentration of 30% (w/v). The
copolymer has a glass transition temperature of —8°C and the
minimum film formation temperature of the product is 5°C.

Eudragit®NE30D films were prepared using a G3P-8 spin
coater (Specialty Coating System, Surrey, UK). Thin films of
Eudragit®NE30D were prepared on microscope cover slides;
0.2ml of Eudragit®NE30D was dropped onto the cover slide
and spun at 2000 rpm for 5 min, resulting in the formation of
a transparent thin film. Spin coated films were cured under a
range of conditions under ambient humidity unless otherwise
specified. More specifically, films were cured at room temper-
ature, 40°C, 60 °C, room temperature/0%RH (stored over P,0s)
and room temperature/100%RH (generated in a sealed cham-
ber with purified water) for different time periods as stated.
For films cured at room temperature, 40 °C and 60 °C, in order
to simulate the actual curing condition in the pharmaceutical
industry, the relative humidity was not precisely controlled,
and it was only in-door ambient humidity which was mea-
sured by a digital humidity monitor every day. During the en-
tire experiment, the humidity for room temperature, 40 °C and
60 °C was measured ranging from 40%RH to 55%RH.

2.2.  Atomic force microscopy (AFM) measurements

Atomic force microscopy was performed using a Bruker
Multimode 3 (Bruker, Germany) AFM. The cantilever was
an antimony doped silicon probe (TESPA, Bruker, Germany)
with a spring constant of 42Nm~! and resonance frequency
of 320kHz. AFM scanning images were achieved in tapping
mode. RMS (root-mean-squared) roughness of each AFM
height image was calculated using the software of WSxM 5.0
(Nanotec Electronica S.L., Madrid, Spain). In order to minimise
sampling effects on the RMS calculation, the largest scanning
area (10 x 10pum?) provided by the E-scanner was used for
the roughness calculation and for each sampling point, 3
AFM scanning images were used to achieve the average RMS
roughness.

AFM single point force curve measurements were also per-
formed. The experimental parameters used were as follows:
speed of approach and retraction 1.96 pm/s; number of points

47.83 nm 47.83 nm

0.00 nm 0.00 nm

Fig. 2 - AFM height image (2D and 3D on right and left,
respectively) of (A) fresh Eudragit®NE30D films and (B)
Eudragit®NE30D films cured at 40 °C for 24 h.

512; Z start Onm and Z end 1000 nm. These measurements
were performed on freshly prepared samples and samples
cured for 4, 6, 8, 10, 12, 24 and 48 h at 40 °C. For each time point,
10 AFM force curve measurements were conducted.

3. Results and discussion
3.1.  Observation of film coalescence on curing using AFM

AFM height images of freshly prepared and cured films (at
40°C for 24 h) are shown in Fig. 2. In the freshly prepared film
(Fig. 2A), colloidal particles with a size of circa 110nm were
observed, which is in agreement with the product informa-
tion provided by the manufacture in terms of initial dispersion
particle size. These particles were configured in close contact,
which has been suggested as face centred cubic ordering in
the literature [16]. In the 3D version of Fig. 2A, this ordering
became more evident, and the morphology of the fresh films
resembled the arrangement of particles in the classic model
at stage one (Fig. 1).

In order to examine the effects of partial or full coa-
lescence, samples were stored at 40°C, above the MFFT of
Eudragit®NE30D (5 °C), for 24 h. Film coalescence was indeed
observed after curing under such conditions as shown in
Fig. 2B, in which the particle boundaries had become less well
defined in comparison to the fresh film but were neverthe-
less still detectable. This clearly demonstrates the topographic
transformation via water evaporation and particle deforma-
tion leading to more intimate particle contact and partial coa-
lescence upon curing. However, despite curing well above the
MMFT, the film was not yet completely coalesced after 24h
as reflected by the discernible particles in Fig. 2B. It was also
observed in the 3D image of Fig. 2B that the peak-to-valley dis-
tance (shown as the AFM height image bar) of the film reduced
after curing for 24 h at 40 °C from circa 47 nm to 24nm. This is
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in agreement with the suggested film formation process dur-
ing which the roughness should reduce due to the reduction
in particle integrity. More detailed quantification of roughness
upon curing will be outlined later.

3.2.  Investigation into the effect of curing conditions on
film coalescence using AFM

As discussed above, despite curing at 35° higher than the
MMFT of Eudragit®NE30D, incomplete film coalescence was
observed after 24 h. While we acknowledge that the absence
of mechanical agitation and defined air flow may contribute to
slower equilibration than expected, it is nevertheless valuable
to explore the effects of temperature and storage humidity
further using the current model system. Therefore, in this sec-
tion, the relative importance of curing temperature and hu-
midity to the film coalescence process was evaluated using
AFM.

3.2.1. Influence of temperature

The images of films cured at room temperature (48h), 40°C
(48h) and 60°C (24 and 48h) are shown in Fig. 3. It was ob-
served that after 48h curing at room temperature, colloidal
particles were still evident, and the morphology of this film
was nearly identical to the freshly prepared samples (Fig. 2A).
In comparison to films cured at room temperature, films cured
at 40°C (Fig. 3B) for 48 h showed a marked reduction in evi-
dence for the presence of colloidal particles, indicating that
intact films may have formed. In addition, comparing films
cured at 40°C (Fig. 2B, cured for 24h) with films cured for 24
and 48h at 60°C (Fig. 3C and 3D) for the same time period, it
was seen that the extent of particle coalescence was greater
in the film cured at 60 °C than in the film cured at 40 °C. These
(initially qualitative) results demonstrate that given the same
curing period of time, the curing efficiency is intimately asso-
ciated with the curing temperature.

The effect of curing temperature on the film coalescence
was also reflected by the decreased peak-to-valley roughness
from circa 47 nm (Fig. 2A, room temperature for 24 h) to 14nm
(Fig. 4C,60°C for 24 h). There are typically three types of rough-
ness measured by AFM: peak-to-valley roughness (the dis-
tance between the highest point and the lowest point in the
image), mean roughness (the mean value of the surface rel-
ative to the centre plane) and RMS roughness (root-mean-
squared roughness). RMS roughness has been suggested as
the measurement of choice for curing and is defined by [35]:

N —
_12Zn — 2
Rems = En it @

where Ryps is the RMS roughness, z is the average of the z val-
ues (height of each point in the AFM image) within the given
areas, zy is the current z value and N is the number of the data
points within the given area. Note that several thousand data
points are obtained in this way for each field studied (i.e., each
AFM scanning image).

The RMS roughness of films cured under different condi-
tions are summarised in Table 1. Results showed that the RMS
roughness reduced from circa 11nm in fresh films to circa
5nmin coalesced films. Roughness reduction upon curing was

46.57 nm 46.57 nm

0.00 nm 0.00 nm
19.76 nm

0.00 nm
0.00 nm
14.66 nm 14.66 nm

0.00 nm 0.00 nm
1597 nm 15.97 nm

0.00 nm 0.00 nm

Fig. 3 — AFM height images (left) and 3D version of the
height images (right) of (A) Eudragit®NE30D film cured at
room temperature for 48 h; (B) Eudragit®NE30D film cured at
40 °C for 48 h; (C) Eudragit®NE30D film cured at 60 °C for 24h
and (D) Eudragit®NE30D film cured at 60 °C for 48 h.

further considered in terms of curing rate by monitoring the
RMS roughness of films cured at 40 °C for up to 48 h. As seen in
Fig. 4, decreased RMS roughness was observed with increasing
curing time. An empirical relationship between curing time
and RMS roughness was obtained:

INRpms = —0.24Int +2.56  (R? = 0.972) 3)

where Ry is the RMS roughness and t is the curing time.

3.2.2. Influence of humidity

In order to evaluate the effect of humidity on the film forma-
tion process, films were cured at room temperature/0%RH and
room temperature/100%RH, respectively, for up to 1 month. It
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Table 1 - RMS roughness of films cured under different conditions for different periods of time up to 1 month.

Sample Fresh Room temp/48h  40°C/24h  40°C/48h 60°C/24h 60°C/48h 0%RH 25°C/1m 100%RH 25°C/1m
RMS (nm) 11.2+0.52 9.4+0.47 6.3+0.29 5.1+0.22 4.9+0.25 47+0.21 7.2+0.34 7.5+0.41
12 _ 33.95 nm 33.95 nm
1 1
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Fig. 4 - RMS roughness of Eudragit®NE30D films cured at
40 °C for up to 48 h (RMS roughness was measured over a
scanning area of 10 x 10 pm?.

should be noted that room temperature is circa 20°C higher
than the MFFT of Eudragit®NE30D hence, given the time pe-
riod involved, extensive film coalescence may be expected. It
was observed, however, that after 1 month curing under room
temperature/0%RH, colloidal particles can still be clearly de-
tected as shown in Fig. 5A. Compared to freshly prepared sam-
ple (Fig. 2A), the boundaries of the particles were slightly less
well defined after curing under these conditions. Colloidal par-
ticles were also detected in samples cured under room tem-
perature/100%RH for 1 month as seen in Fig. 5B. No signifi-
cant difference in terms of the level of film coalescence was
observed when comparing the two samples cured under dry
and humid conditions. In addition, the RMS roughness values
of the two samples cured under the two different conditions
were close (Table 1) and, while smaller than that of the fresh
film, were nevertheless markedly higher than the films coa-
lesced at higher temperatures, indicating a dominance of tem-
perature over humidity in determining the rate of curing.

3.3.  Evaluation of adhesive and mechanical properties of
films

In this study, AFM has been shown to be capable of visualising
and quantitatively assessing the topography change of films
under different curing conditions. In this section, a further
quantitative method based on AFM force curve measurements
was employed to measure the mechanical property change of
films and the homogeneity of film formation on curing.

-
| _~ e

Fig. 5 - AFM height images (left) and the 3D version of
height images (right) of (A) Eudragit®NE30D film cured at
room temperature/0%RH for 1 month and (B) Eudragit®
NE30D film cured at room temperature/100%RH for 1 month.

0.00 nm 0.00 nm

AFM force measurements can quantify the adhesion
of the surface of the sample to the probe and involve apply-
ing the AFM tip onto a substrate and recording the deflection
of the cantilever on withdrawal [36]. An annotated example
of an AFM force curve measurement conducted on a freshly
prepared Eudragit®NE30D film is shown in Fig. 6 in steps. The
AFM tip approaches the surface of the film (step A) and, at a
very close distance from the surface, the tip is “snapped on” to
the surface (step B) as shown in Fig. 6 (enlarged figure) due to
the attractive forces between the probe and the sample. Sub-
sequently, the tip is pushed with increasing force against and
into the surface (step C). A specified deflection of the probe
(to ensure reproducibility of applied force) is used as a trigger
point to begin the retraction process (step D). Upon commenc-
ing retraction, the adhesive forces provided by the film surface
cause the tip to follow a distinct deflection profile (detected
and shown as voltage in Fig. 6) compared to that of the tip
approach; more specifically, the tip will adhere to the surface,
delaying detachment and causing downward deflection (step
E) with the corresponding force measured via the maximum
deflection voltage compared to the non-contact value (step E),
followed by detachment (step F).

In order to quantitatively study the pull-off force, a con-
version from the voltage to the actual force with the unit of
N was conducted using the spring constant value (42 N/m) of
the cantilever provided by the manufacturer. The force conver-
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Fig. 6 - AFM force curve measurement of freshly prepared
Eudragit®NE30D in steps: (A) the AFM probe approaches
from close to the sample surface; (B) “snap on” of the probe
on the sample surface due to the attraction force; (C) the
AFM probe is further pushed into the surface of the sample;
(D) the AFM probe is withdrawn from the sample while still
in contact with the surface; (E) the adhesive force from the
sample causes the downward deflection of the probe; (F) the
AFM pull-off force is registered via the voltage difference
between non-contact and the maximum downwards
deflection; (G) the AFM probe is removed from the surface.

sion study was carried out by applying a force measurement
to a sample with high stiffness, such as glass or mica, in which
there was no surface indentation during the entire force curve
measurement. The slope of this measurement thus provided
the relationship for the distance (nm) deflected by the probe
in terms of the voltage signal (V) read by the AFM. The rela-
tionship of the conversion study can be described by:

spring constant of the probe(nN/nm)

Conversionrate =
slope of the measurement(V/nm)

(4)

The actual AFM pull-off force (with the unit of nN) is then
obtained by converting the detected deflection value (in Volt-
age) via Eq. 4. In this study, the conversion study was con-
ducted on a standard AFM calibration grating (TGQ1, NT-MDT,
Ireland) which is composed of silicon dioxide. Repeat mea-
surements showed identical slopes which allowed a calibra-
tion factor of 1nm equal to 0.0216 V of cantilever deflection.

AFM pull-off force measurements on films cured at 40°C
for time periods up to 48h were conducted and the results
are shown in Fig. 7. The measured pull-off forces decreased
from 87.30 +£21.25nN to 18.43 +2.28 nN with increasing curing
time, indicating a reduced adhesive force with time. The high
adhesive force observed for freshly prepared films is compat-
ible with the intended use of aqueous dispersions for coating
whereby a high adhesive force enable fresh films to adhere to
the solid substrates [31]. It was also noted that the standard
deviation of measured pull-off forces decreased with increas-
ing curing time, which may be associated with topographic
effects; this is discussed later in the study.

120 4

100

80

60 -

Force (nN)
 J

40 .

20

—
L 3

0 T T T T T T T T T T T
0 10 20 30 40 50

Curing time (h)

Fig. 7 - AFM pull-off forces measured in films cured at 40 °C
for 48 h (for each tested point, n =10).

Pull-off forces of samples cured under a range of conditions
are listed in Table 2. It may be seen that for extensively co-
alesced films, for example films cured at 40°C and 60°C for
48 h, the pull-off forces were close to circa 17 nN and were sig-
nificantly lower than those of the fresh or partially coalesced
films. Similarly, films cured at 0%RH and 100%RH at room tem-
perature showed lower pull-off forces for the former (circa
27.74 £9.06 nN) than the latter (circa 44.29 & 11.33 nN), reflect-
ing the greater adhesion of the more hydrated film.

3.4.  Investigation into the pull-off force changes on film
curing

In this study, AFM was employed to monitor film coalescence
from aqueous polymeric dispersions on curing. The study
demonstrated that AFM can not only visualise the classic film
curing process in terms of progressive disappearance of col-
loidal particles on curing but it can also quantitatively assess
film coalescence by monitoring the topographic (via rough-
ness) and nanomechanical (via adhesion force) changes on
curing.

The question naturally arises as to what determines the
pull-off force changes on curing. One possibility is the dimin-
ishing presence of residual water, although the decreasing
variation in the response as the roughness diminishes sug-
gests a strong topographic component to the measurement. It
has been reported that the AFM pull-off force (adhesive force)
can be affected by geometrical effects with respect to the AFM
tip and the tested sample surface as described in the following
equation:

A rR R
Fg= — + — 5
4= Eho [r—i—R @ +r/h0)2:| Gl

where F,y is the adhesive force (pull-off force), A is the
Hamaker Constant associated with the materials used, hg is
the distance of the closest approach between the two surface
(equal to 0.3nm as reported in the literature), R is the radius
of the tip of the probe used (8 nm according to the probe man-
ufacture), and r is the radius of the surface asperity [37,38].
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Table 2 - AFM pull-off force of Eudragit®NE30D films cured under different conditions for different periods of time.

Sample Fresh 60°C/2d

40°C/2d 0%RH/1m ? 100%RH/1m °

Force (107 N) 88.78421.24 16.994+1.84

18.294+2.29 27.74+9.06 44.29+11.33

2 Eudragit®NE30D film cured under room temperature/0%RH for 1 month.
b Eudragit®NE30D film cured under room temperature/100%RH for 1 month.

In the present case, the only variable in Eq. 5 was the surface
asperity radius (r) which is associated with the surface rough-
ness. Therefore, for films at an early stage of curing with high
surface roughness, a variety of r values would be expected at
the same time point, hence causing the high standard devi-
ation values of the pull-off forces. With progressive film coa-
lescence on curing, the increased flatness of sample surface
resulted in more reproducible r values, leading to more repro-
ducible pull-off forces with significantly reduced standard de-
viations in comparison to fresh films.

The topographic effects on the adhesive pull-off force were
further explored using a modification of Eq. 5 in which the in-
fluence of RMS roughness is taken into account:

AR 1 1
I:‘ad = 337

+ 6
6h2 [1 +R/(1.48 xRMS) '~ (1+1.48 x RMS/ho)z} ©

where RMS is the RMS roughness as mentioned above and
other parameters have the same meanings as in Eq. 5 [37,38].
The Hamaker Constant is defined by:

A= 72xCxp1xpy (7)

where p; and p, are the number of atoms per unit volume in
the two bodies in contact and C is the coefficient in the atom-
atom pair potential [39]. As the materials (the AFM probe
and the film) in contact during the entire experiment did not
change, it can be deduced from the definition that Hamaker
Constant in this case study can be assumed to be constant
throughout the entire experiment. Therefore, Eq. 6 became a
specific relationship describing the effect of surface rough-
ness of the film on the adhesive force measured by AFM
(pull-off force) upon curing. This expression indicates that if
the surface roughness reduces upon curing, the pull-off force
should decrease as well. This is the case for this study, as
demonstrated by the respectively measured RMS roughness
(Fig. 4) and pull-off force (Fig. 7) values on curing at 40 °C for
48h, a descending order being observed for both RMS rough-
ness and pull-off force with increasing curing time. This sug-
gests that the observed change in tip adhesion with curing
time may have a topographic component as well as being a
reflection of the mechanical and adhesive properties of the
films.

4, Conclusions

The study has examined the use of AFM to identify and
quantify changes in the extent of coalescence of aqueous
Eudragit®NE30D films, selected as a model for pharmaceuti-
cally relevant latex systems, as a function of time, tempera-

ture and humidity. Such information is of considerable impor-
tance in determining both the optimal conditions for curing
and for ensuring that coalescence has occurred sufficiently
to optimise product performance. More specifically, we have
demonstrated that the topography of the films may be qual-
itatively and quantitatively measured (the latter via surface
roughness), with coalescence under the conditions studied
clearly taking place over protracted time periods, even at el-
evated temperatures. Care is required with regard to extrapo-
lation of such data to practical situations due to the additional
considerations of mechanical agitation and enhanced air flow
in a typical film coating process. However as the methods de-
veloped here may be easily adapted to ‘real’ substrate situ-
ations then the concept of using these approaches remains
relevant and valid. In addition to topography, pull-off force
measurements have been utilised as a further quantitative ap-
proach, with both the absolute value and the standard devia-
tion being suggested as useful markers for the extent of coa-
lescence.
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