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Abstract A novel high speed microcompression platen
tester was developed in order to measure the out-of-plane
compressive modulus of thin materials. The instrument is
capable of subjecting a sample of thickness 20 pm or
greater to a transverse compressive pulse over a time
interval ranging from approximately 2 ms to several sec-
onds, and can therefore be used to collect data under
conditions representative of those in a high speed calender
nip. In this study, free layers of coating formulations nor-
mally used to coat paper were prepared and tested using the
microcompression platen tester described above. Tests
were conducted at high speeds, with a pulse duration of
2 ms during the compressive stroke, and at 23 °C to sim-
ulate room temperature calendering conditions. The
compressive modulus of the coating did not correlate
strongly with the modulus of its constituent latex. Latex
content, however, strongly affected coating compressive
modulus. A sharp increase in the compressive modulus was
observed at the coating critical pigment volume concen-
tration (CPVC)—essentially the latex concentration at
which the coating layer porosity is reduced to zero. Pig-
ment size distribution and pigment morphology also
affected the compressive modulus of coating in a manner
consistent with packing theory.

S. J. Nunnari - R. R. Farnood - M. T. Kortschot (D<)
Department of Chemical Engineering and Applied Chemistry,
Pulp & Paper Centre, University of Toronto, 200 College St.,
Toronto, ON M5S-3ES5, Canada

e-mail: mark.kortschot@utoronto.ca

URL: www.chem-eng.utoronto.ca/faculty/kortschot.html

Introduction

A thin coating layer is often applied to a paper base sheet,
which is then calendered, to improve the optical and sur-
face characteristics of the paper. Coated papers exhibit
significantly improved printability and are characterized by
their high degree of uniformity, smoothness, and gloss. The
improvement in smoothness during calendering is related
to permanent deformation of both the coating layer and the
underlying base sheet. In this study, the out-of-plane
stress—strain properties of coating layers were character-
ized using a novel high-speed compression testing
machine.

Paper coatings, generally applied as an aqueous sus-
pension, consist of an inorganic pigment, a binder, and
water. When dried, the coating layer may be described as a
porous network of pigment particles in which adjacent
particles are bound to one another by means of a binder.
The porosity of the coating layer, which can range from
15% to 40% [1], largely depends on the pigment shape and
size distribution (i.e., packing properties) and the binder
type and concentration [2]. Pores do not bear load, and
hence the out-of-plane coating stiffness of a porous coating
is lower than that of a less porous or pore-free coating.
Thus, the stiffness, or elastic modulus, of the coating layer
in the out-of-plane direction is highly dependent on the
pigment and binder type and the resulting porosity of the
dry coating structure.

LePoutre and Rigdahl [1] studied the effect of porosity
and pigment shape on the stiffness of coating layers. Using
composite theory it was shown that the in-plane stiffness of
coating layers can be predicted based on knowledge of the
porosity, elastic modulus of the pigment and binder, the
amount of binder, and pigment shape [1]. Prall et al. [3]
also established that porosity and pigment and latex content
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affect the in-plane modulus of coating layers. Similarly, it
was shown by Kan et al. [4] that the viscoelastic properties
of paper coatings were dependent on the viscoelastic
properties of the binder and pigment, their respective vol-
ume fractions, and the coating porosity. Furthermore, Kan
et al. [4] also demonstrated that the coating viscoelasticity
was correlated to the compressive behavior of coated paper
during calendering.

Rétto [S] and Wikstrom et al. [6] investigated the out-of-
plane compression behavior of coatings and found results
similar to those produced by the studies of in-plane prop-
erties. In both studies, a cast coating layer, ~2-3 mm
thick, was compressed and the stress—strain response was
measured. It was determined that the compression behavior
of the coating layer was highly dependent on the porosity
and latex content. However, it is possible that the unreal-
istically thick coating layers used are not wholly
representative of 5 to 20 pm thick coating layers typical in
commercial samples. In fact, Wikstrom et al. [6] showed
that thinner layers exhibit a much higher deformation
during loading than their thicker counterparts. Barbier et al.
[7] developed a method to characterize relatively thin
coating layers, 30 and 70 um thick, using microindenta-
tion, allowing the out-of-plane elastic modulus to be
computed. The coating microstructure was changed in this
study by changing the type of pigment used, but the vis-
coelastic properties of the coating, and the effect of strain
rate on coating behavior were not measured.

In this work, the compression behavior and out-of-plane
stiffness of very thin free coating layers at high strain rates
were investigated. The effect of varying the latex type,
latex content, and particle shape and size distribution on
compression behavior was also explored.

Equipment

A novel high speed microcompression platen tester was
developed for this study in order characterize the out-of-
plane compressive behavior of thin free coating layers
(>20 pm). Using a high-resolution linear actuator, a max-
imum displacement of 60 pm and a compressive force of
up to 1 kN can be achieved. A load cell measures the
compressive force generated as the actuator expands and
compresses a sample between two circular compression
platens with a diameter of approximately 0.86 mm. The
degree of misalignment between the two compression
platens is roughly 5 pm end-to-end. Both the actuator and
load cell are connected to an analog/digital converter
allowing for continuous, real-time acquisition of displace-
ment and force data.

Parameters, such as the maximum displacement, pulse
duration, and pulse shape (for example: ramp, triangle,
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sine, etc.) are defined prior to performing a compression
test using the control software. Generally, a maximum
actuator displacement corresponding to 20 percent com-
pressive strain (approximately 10 pm) and a simple ramp
pulse were used. A ramp displacement pulse was used as it
allowed for sample loading at a constant rate. The pulse
duration may also be varied from approximately 2 ms to
4 s during the compressive stroke depending on the type of
test. All tests were conducted under TAPPI T402 om-88
standard controlled humidity and temperature conditions:
23 °C + 1°,50% RH =+ 2%.

Materials and methods

One commercial ground calcium carbonate pigment,
HYDROCARB® 90 (OMYA, Perth, Ontario, Canada), and
three experimental kaolin clay pigments (IMERYS, Sand-
ersville, Georgia, USA) with varying particle size
distributions and shape factors were used in this study.
Four commercial styrene—butadiene latexes were also used
in this study (Styronal® NX 4222 X, Styronal® NX 4515 X,
Styronal® BN 4606 X, Styronal® ND 656) (BASF Canada,
Mississauga, Ontario, Canada). Relevant pigment proper-
ties are listed in Table 1. It should be noted that narrowness
is defined as:

D
Dio x 100%

70

where D3 and D5 are the cumulative masses of particles
within a particle size distribution with diameters less than or
equal to 30 and 70 um, respectively. Shape factor is an
average measurement of the aspect ratio for a population of
particles with a distribution of both size and shape; effec-
tively the weight averaged aspect ratio of the population [8].

Coating colors were prepared in a lab-scale batch
technique in which each component was individually
added to a beaker agitated by a lab-scale mixer. In addition
to this, coatings were also degassed using an aspirator. The
required dry amounts of pigment, binder, and dispersant
added to a coating color were calculated based on a simple
mass balance with water added as a dispersion medium. If
necessary, the pH of the coating color was adjusted to

Table 1 Relevant pigment properties

Pigment  Type Particle size
Median (um)  Narrowness  Shape factor
HC90 GCC 0.700 - -
K3 Kaolin  0.346 26.4 13
K6 Kaolin  0.452 48.0 17
K7 Kaolin  0.670 14.3 19
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Fig. 1 A stress—strain curve obtained from compression testing of a
latex film (glass transition temperature, T,, of —25 °C) illustrating the
region over which the compressive modulus is extracted

between 8 and 9 with 0.5 molar sodium hydroxide. A solid
content of 65 percent by weight was used throughout this
study.

A polyester film substrate (LOOK Oven Roasting Film,
TERINEX, England) was coated on a bench-top laboratory
coater using a #24 metering rod following a method based
on the work of Prall [9]. The coating was allowed to dry at
110 °C for 5 min in the drying chamber of the coater.
Coated polyester samples were conditioned at 23 °C and
50% relative humidity for 24 h. The coating layer was then
peeled from the polyester substrate and cut into squares,
roughly 5 x 5 mm? for testing. Care was taken to avoid
bending the sample while slowly separating the coating
layer and polyester substrate.

A ramp displacement pulse was used with a pulse
duration of 4 ms for the compressive stroke. A 4 ms pulse
was selected, as it is comparable to the time spent by the
coated paper web in the nip of a typical commercial cal-
ender. The amplitude of the displacement pulse was set to
be equivalent to approximately 20% of the sample thick-
ness. All tests were performed at 23 °C. The strain, or more
specifically the compressive strain, is simply the engi-
neering strain and the Young’s modulus was obtained
through linear regression of the initial linear portion of the
stress—strain curve, as illustrated in Fig. 1.

Results and discussion
The effect of latex T,

Figure 2 illustrates a positive correlation between the
compressive modulus of the coating and latex, E,, where
latex modulus increases with glass transition temperature.
The correlation is relatively weak, indicating that the

E,c = 0.256E,, + 0.870
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Fig. 2 Coating compressive modulus plotted as a function of the
compressive modulus of its constituent latex reveals that the two
moduli are only weakly correlated. Error bars represent the 95%
confidence interval, n = 5. Coatings were prepared using a GCC
pigment
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Fig. 3 Comparison of compressive modulus of latex films and free
coating layers containing the same latex obtained under dynamic
conditions. Error bars represent 1 standard deviation, n = 5. Coatings
were prepared using a ground calcium carbonate pigment

modulus of latex may have only a minor effect on the
overall modulus of the coating structure. Figure 2 also
reveals that while coatings prepared with latexes of inter-
mediate stiffness have a compressive modulus comparable
to their pure latex constituent, the same is not true for
coatings consisting of very hard or soft latexes. This
observation is more clearly illustrated in Fig. 3. The latex
films exhibited a range of moduli, but the compressive
moduli of all the coatings were relatively similar.

It has been demonstrated that upon drying, stiff latexes
tend to shrink less than softer latexes [10], producing a more
porous or less dense structure, which, in turn, may be rela-
tively less stiff. Such behavior could account for the lack of
strong correlation between the latex and coating moduli.
This was investigated further using mercury intrusion
porosimetry. Figures 4 and 5 illustrate the porosity and pore
size distribution of the different coatings based on their latex
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Fig. 4 Porosity measurements for free coating layers prepared using
latexes with different glass transition temperatures
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Fig. 5 Pore size distribution measurements for free coating layers
prepared using latexes with different glass transition temperatures

T,. It can be seen that while the porosities of each coating do
not differ significantly, the pore size distributions indicate
the presence of overall smaller pores in coatings containing
latexes with higher glass transition temperatures. Thus a
mechanism in which the collapse of pores affects the
mechanical response of coatings under compression is per-
haps more suitable than one in which the deformation of
latex bridges is solely considered. A similar mechanism for
the increase in gloss as a result of coating compaction has
been proposed by other authors [2].

The effect of latex content

Figure 6 is a collection of SEM micrographs showing the
surface and cross section of several coatings with various
pigment volume concentrations (PVCs). The transition
from a porous pigment-latex structure to a material which
is continuous in the latex phase is clearly visible. Of par-
ticular importance are the images corresponding to PVCs
of 60 and 45. Over this range the coating structure
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transitions from a porous network of pigment particles to a
nonporous pigment reinforced polymer. As this transition
occurs pigment particles become entirely surrounded by
latex and the interstitial voids between adjacent particles
are filled with latex. The PVC at which the porosity of the
structure is effectively reduced to zero is termed the critical
pigment volume concentration (CPVC). For the GCC/latex
coating presented in Fig. 6, the CPVC exists within the
PVC range of 60 to 45.

The CPVC for a given pigment may be identified in a
number of ways, but is typically characterized by sharp
transitions in such properties as porosity, gloss, brightness,
and opacity [11, 12]. As shown in Fig. 7 a similar trend is
observed for compressive modulus.

Over the PVC range from 90 to 60, the modulus of the
coating increases as more latex is introduced into the
coating structure. With the addition of latex, the mechan-
ically weak air-filled pores present throughout the coating
structure at higher PVCs are effectively replaced by
regions of latex and become load bearing. The incidence
and severity of pore collapse, which contributes to the
reduced modulus as observed at higher PVCs, is reduced
and as a result the modulus of the coating increases dra-
matically over this range.

Below the CPVC, however, the modulus decreases and
approaches the modulus of pure latex at a PVC of 0; at
which point the coating is no longer a pigment—latex
composite, but latex alone. This reduction in E, is a result
of the volumetric replacement of stiff pigment particles by
the softer latex matrix.

The effect of particle size and shape distribution

Both the type of latex and the latex content have been
shown to affect the compressive modulus of the dry coating
structure. This is a result of not only the mechanical
properties of the latexes themselves, but also their effect on
the coating structure. However, it is pigment properties,
such as size and morphology which largely define the
structure of the dry coating layer.

The compressive modulus of free coating layers was
observed to increase with increases in the width of the
pigment size distribution. Three free coating layers were
prepared using kaolin clay pigments with a similar median
particle size and shape factor, but varying size distributions
(as characterized by the size distribution narrowness).

In Fig. 8, the compressive modulus is plotted as a
function of pigment size distribution for the free coating
layers prepared using the three different kaolin clay pig-
ments. A distinct difference between E, of the coatings
prepared with the narrowest and broadest size distributions
is apparent, but there appears to be no difference between
the coatings prepared using the two kaolin clays with
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Fig. 6 SEM micrographs of
free coating layers containing a
GCC pigment and varying
amounts of latex. A transition
from a porous structure to a
structure which is continuous in
the binder phase occurs between
a pigment volume concentration
of 60 and 45. The CPVC of the
coating exists in this range
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Fig. 7 The compressive modulus measured as a function of PVC
under dynamic conditions. The sharp transition occurring at a PVC of
approximately 60 denotes the CPVC. Error bars represent 1 standard
deviation, n = 5
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Fig. 8 Compressive modulus of coatings containing kaolins with
various size distributions. Error bars represent 1 standard deviation,
n=>5

broader distributions. This is likely due to the initially high
porosity of kaolin coatings caused by the nature in which

the platy kaolin particles tend to pack, the so-called ‘house
of cards’ packing formation.

45

Based on packing theory it is expected that particles
with a broad size distribution will form a denser structure
as smaller particles may fill the interstitial space between
tightly packed larger particles. Through repeated compac-
tion of the coating layer, excessive porosity is reduced as
the pigments arrange themselves into a more organized
structure. Upon so doing, differences in packing efficiency
based on the particle size distribution of these pigments
result in structures of varying density and stiffness, as
shown in Fig. 9.

The compressive modulus of free coating layers was
observed to decrease with increasing aspect ratio, or shape
factor. As previously described, the shape factor is an
average measurement of the aspect ratio for a population of
particles with a distribution of both size and shape; effec-
tively the weight averaged aspect ratio of the population [8].

The effect of pigment morphology is most obvious when
comparing the compressive behavior of coatings prepared
using pigments with vastly different aspect ratios, such as a
GCC and kaolin. GCC particles tend to have a low aspect
ratio, essentially one, while kaolin clay pigments are platy
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Fig. 9 Cyclical compression of coatings containing kaolin clays with
various pigment size distributions (as characterized by their narrow-
ness) reveals differences in the compressive modulus
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Fig. 10 a Reduction in thickness and b increase in modulus of typical ground calcium carbonate and kaolin clay coating layers with cyclic

compression

in nature with large aspect ratios. Figure 10 illustrates the
reduction in thickness and increase in modulus for typical
GCC and kaolin coating layers. It can be seen that due to
the greater initial packing efficiency of the more spherical
GCC pigment particles coatings prepared using GCC tend
to experience a smaller reduction in thickness and increase
in modulus as a result of repeated compression.

Conclusions

The effects of latex type, latex content, and pigment shape
and size distribution on coating structure and resultant out-
of-plane compressive behavior was investigated in this
study. It has been shown that the type of latex clearly
affected the coating modulus, but latex and coating stiff-
ness were only weakly correlated. As previously discussed,
coatings prepared using different latexes had comparable
compressive moduli, but some differences in overall
porosity and pore size were observed. This indicates that
pore collapse has a significant influence on coating
compression.

Similarly, the compressive modulus of a coating
depends strongly on the latex content, or pigment volume
concentration. A sharp increase in the coating modulus was
observed in the vicinity of the CPVC, as the coating
transitions from a porous pigment—latex composite to a
pigment-latex composite continuous in the latex phase.

Particle size distribution and shape factor have been
shown to affect the compressive modulus of free coating
layers in a manner generally consistent with simple pack-
ing theory.
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