
1 Introduction

Industrial coatings are applied onto substrates to improve optical, physical and mechanical

properties. In the paint industry, surface protection, optics, appearance and aesthetics are

typically the most important parameters. Paper is coated in order to improve printability and

optical characteristics. Paper coatings have to undergo further processing steps after application

(e.g. calendering, printing, converting), and adequate mechanical properties of paper coatings are

essential for good end-use performances.

The objective of this study was to investigate microscopic and macroscopic factors/mechanisms

that determine the mechanical properties of pigmented latex coating films. Mechanical properties

of porous pigmented coatings in particular offer a number of challenges. The properties of filled

polymer systems have been investigated to a large extent, but the mechanical properties for

porous coatings are less understood.

A typical pigmented coating consists of [Braun 19931:

1) a polymeric film forming binder,

2 ) a pigment providing the character of coating, and

3) a solvent, often water.

Coatings are composite materials with mechanical properties that depend, in a complex manner,

on the mechanical properties of the polymeric binder, the pigment type, shape and size

distribution and on interphase phenomena governing the transfer of stresses.

Paint coatings are usually formulated at low pigment volume concentrations for durability. At such

PVC levels the coating can be considered as a two-phase system. Paper coatings contain only a

low level of binder, they are formulated well above the critical pigment volume concentration,
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where air voids are introduces into the system. Paper coatings are therefore a three-phase and

properties are also determined by the porous structure of the coating. The structure of such

coatings depends not only on coating components, but also on processing parameters during

coating process: Method of application (rod, blade), drying conditions (air, IR, contact) and

converting process (calendering). Furthermore the properties of the base sheet are influencing,

too. Binder migration, building an interphase region of coating and basesheet are important.

Additional coatings as well as paper do show inhomogeneities due to morphological variations.

Consequently, the coated paper product can be considered as a laminate of layers of different

moduli and extensibility, including layers that are complex interphases, and all layers show

viscoelastic behavior due to the presence of polymeric materials (cellulose, binders).

Knowledge of the structure of a paper coating, i.e. the spatial arrangement of pigment particles

and binder, the interactions between pigment and binder and its relationship to mechanical

performance are essential factors for the control of product quality and are a necessity in

developing and designing an optimal product.
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2 Definitions and Literature Review

2.1 Mechanics of Material

2.1  .I Stress

Stress describes the intensity forces acting inside a body, and is defined as force F per unit

area A. The external surface forces are in equilibrium with the internal body forces [Timoshenko

and Goodier 19701.

2.1.2 Deformation and Strain

The shape of a solid is deformed when it is subjected to loads. Strain describes the local

deformation of l ine elements (normal strain) or angles between l ine elements (shear strain).

Displacement describes the movement of a point or line element during the deformation process

with reference to a fixed coordinate system.

Consider a small element of an elastic body undergoing a deformation, where u, v, w are the

components of displacement of point 0, parallel to coordinate axes x, y, z, respectively.
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Figure I Deformation of an elastic body, Timoshenko and Goodier (1970).
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Small displacement strains can then be defined as

Normal strains:

d u dv dw
&,=- ,

dx
Ey=-  ,

dv
E, =-

dz

Shearing strains:

du dv =du+dw dv dw
yxy=-$~ 9 Yxz dz dx ’ Yyz = z+dy

Equation 2

Equation 3

With these six quantities, elongation and distortion angle in any direction can be calculated.

2.1.3 Elasticity, Hooke’s Law

The simplest model of a deformable solid body is the idealized elastic theory. Several further

assumptions are often made:

. Homogeneous material (properties are the same at each point),

. Isotropic material (properties are the same in each direction), and

l Deformations are infinitesimal and elastic.

In Hooke’s Law the stress c is proportional to strain E by Young’s modulus E. For the uniaxial

case this is represented as:

o = EE

A mechanical model describing elastic deformation would be an ideal spring.

Equation 4

4



2.1.4 Viscosity, Newtonian Fluid

For a Newtonian Fluid, stress 0 is proportional to the strain rate s multiplied by the material’s

viscosity q.

ds
c=rl-& Equation 5

A mechanical model describing viscous deformation would be a dashpot.

2.2 Viscoelasticity

Viscoelastic materials in general show a behavior intermediate between a perfect elastic solid

and a viscous liquid [Fliigge  1967, Ferry 1980, Findley, Lai and Onaran 19891.  The response to

application of force depends on the time scale of deformation (stress or strain rate) as well as

temperature.

CT  = cT(&,  t) Equation 6

The viscoelastic constitutive relations can be determined through dynamic measurements.

Consider a material subjected to an oscillating load of small amplitude. A sinusoidal stress CJ will

produce a sinusoidal strain E,  and vice versa. However, because of the viscous component of the

deformation, a phase shift will be observed between stress and strain (Figure 2).

Oscillating stress IS  and strain E and phase  lag  6.
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The storage modulus is the modulus in-phase with stress and strain, representing the elastically

stored energy, which is fully recoverable in the system. The loss modulus is out of phase, and is

associated with the dissipation of energy as heat during the cycles of deformation.

E*  Re

Storage,  loss modulus and complex modulus shown as vectors.

The loss factor or damping factor tan 6 is a measure of the lag between applied stress and the

strain response (Figure 2) and can be defined as the ratio of loss modulus to storage modulus

(Equation 7).

tan&L Loss Modulus
E’ Storage Modulus

Equation 7

Viscoelastic responses can also be divided into a linear response regime, where the Boltzmann

superposition principle may be applied, and a nonlinear regime. The Boltzmann superposition

principle predicts that two applied stresses act independently and the resulted strains add linearly

[Aklonis and MacKnight  19831.  Most analyses are based on linear viscoelastic material behavior.

2.2.1 Dynamic Mechanical Thermal Analysis

A dynamic mechanical thermal analysis consists in measuring the strain of a material subjected

to a dynamic changing force, usually sinusoidal, and as a function of temperature. It gives

information about bulk properties directly affecting the material performance. Furthermore, it

supplies information about major transitions as well as secondary and tertiary transitions of the
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material. In the transition zones, the loss factor tan Delta goes through a pronounced maximum

as a function of frequency or temperature.

The viscoelastic response of latex based pigmented coatings is important for the performance of

coated paper. The viscoelastic material function of coating films is preferably determined on free

coating films detached from their substrate - as in that case the defined material properties are

determined - although thin, brittle specimens might be difficult to handle. Most viscoelastic

measurements of paper coatings reported in the literature were therefore performed on coating

composites, using polyimide [Parpaillon et a/. 1985, Kan et a/. 1996, Rigdahl et al. 19971,  or paper

[Joyce, Hagen,  and de Ruvo 1997 , Engstrom and Lind 19951  as a substrate.

2.2.2 Mechanical Models of Viscoelastic Behavior

Models of linear viscoelastic behavior are comprised of combinations of linear springs and linear

viscous dashpots. Inertia effects are neglected in such models. The two basic models are

Maxwell and Voigt element.

. The Maxwell element is a series combination of elastic and viscous element.

Creep and Recovery Stress Relaxation

F i g u r e  4 Behavior o f  a Maxwell  element .
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The total strain E is the summation of the individual strain of spring Q and dashpot  Ed.

& =  E,  +  E, Equation 8

Also the strain rate $t  is additive.

d& 1 da CT
z=Edt+;

Equation 9

The governing differential equation (Equation 9) can be solved for applied stress or strain through

application of the appropriate boundary condition.

l The Voigt or Kelvin element is a parallel combination of elastic and viscous element.

t

Creep and Recovery

Figure 5 Behavior o f  a  Voig t  /  Kelvin element .

The strain rate on each element must be equal, therefore the stresses are additive.

cT=crl+cT, Equation 10

GEE+?@
dt

8
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For constant stress (creep experiment), the linear differential equation can be solved exactly. The

Voigt equation cannot be solved for stress-relaxation (constant strain), because the dashpot

element cannot be deformed instantaneously.

Linear viscoelastic behavior implies that at any time the response is directly proportional to the

value of the initiating signal. The linear theory of viscoelasticity can be expressed with linear

differential equations, where the coefficients of the differentials are constant material parameters.

The general differential equation for linear viscoelasticity is as follows [Barnes, Hutton and

Walters 19891:

Equation 12

where n=m,or n=m-1

Expansion of the general governing constitutions model (Equation 12) for various coefficients

results in several commonly occurring relationships.
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T a b l e  I D@erential  equat ions  for  v i scoe las t ic  models .

-parameter models:

iooke’s elasticity (linear solid behavior): p,, ( fl,, = E )

Jewtonian  viscous fluid: Pl (P1=17)

!-parameter models:

loigt  / Kelvin element: PI& (Po=E, P1=77)

0 =pos

CSP’$

a&
~=Po~+kg

Aaxwell  element:

13-parameter  model:

where a, = &, p,=E.  andp2=s

I
ICparameter  model:

Burger’s model: a19a2AP2 o+a E+a
1 at

where a, =-+-+-, 171 771 r/2 a, = E I p, =q, I and
4 4 ~52

p,
1  2

=y
2

More complex material response can be mimicked with higher order (n>4) expansions of

Equation 12. The main usefulness of the mechanical models is to facilitate the definition of

parameters that characterize the time dependence of viscoelastic response. However, this

approach requires the determination of additional material constants and often does not

extrapolate well to long-term (creep) performance.
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The differential equations of Table 1 can be solved for a simple stress state by applying Laplace

transformation. The results for complex modulus, consisting of storage and loss modulus for

dynamic sinusoidal input are shown in Table 2, where w represents the angular frequency.

T a b l e  2 Complex  modulus  for  2-  and  I -parameter  v i scoe las t ic  models .

Complex Modulus: E* = E’+iE”

2-parameter models:

Kelvin element:

Maxwell element:

Storage Modulus E’(o)

R

q2w2

R
1 + 112w.l

R2

Loss Modulus E”(w)

77w

770
1+4202

R2

4-parameter model:

Burger’s model:

Storage Modulus E’(o) Loss Modulus E”(o)

alppI - p,w’(l  -a2w2) a*p,o’  -p,w<1 -a2w2)

a;02  + (1 -a202)2 aft22 + (1 -a2c02)2

2.2.3 Time-Temperature Superposition

The principle of time temperature superposition enables the prediction of a material’s behavior for

different time scales beyond those easily obtained experimental [Ferry 1980, Aklonis and

MacKnight  19831.  Time-temperature superposit ion is based on l inear viscoelastic theory. The

time-temperature superposition states that the modulus measured at a particular temperature T

and real time t corresponds to the same value of modulus in the master curve at the reference

temperature T,  and reference-scale t ime coordinate tr (Equation 13). The time dependence is
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determined by evaluating the material’s behavior over a short time period at different

temperatures The reference time is related to the real time by the shift factor ur (Equation 14).

E(V)= m.,~,)

a,(T) =f

r

Equation 13

Equation 14

The shift factor aT is given by the Williams-Landel-Ferry equation (Equation 15),  where C, and

C2 represent the Universal Constants, C,=77.44,  C2 =57.6,  and Ts the glass transition

temperature of the material. The function log aT  as a function of reference temperature is shown

in Figure 6.

-CAT-T,)

hv,(T)= c

2

+T-T

g

Equation 15

The constants C, and C2, originally thought to be universal constants, have been shown to vary

from polymer to polymer and additionally depend on the way of measurement and in which region

or viscoelastic zone they were determined [Mark 19961.  Mark also reported C, and C,  constants

for various polymer systems.
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Figure 6 WLF-equat ion wi th  universal  constants .

The time-dependent characteristics of the dynamic moduli of viscoelastic materials are strongly

related to their internal structure and environmental conditions [Findley et al. 19891.

The dynamic nature of calendering or printing processes imposes short duration events on

coatings and coated paper. With dynamic mechanical thermal analysis and time-temperature

superposition it is possible to predict the materials behavior for those short impacts.

2.3 Composites

2.3.1 Definition of Composites

A composite consists of two or more distinct materials, assembled to combine specific

characteristics and properties [Agarwal 1979, Tsai and Hahn 19801.  The discontinuous phase is

usually, but not always, harder and stronger than the continuous phase and is called the

reinforcement or reinforcing material, whereas the continuous phase, which transfers loads
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between particles, is referred to as the matrix. The properties of composites are influenced by the

properties of their constituent materials, their distributions, and the interactions among them.

Fillers are widely used to improve the mechanical properties of the matrix material, such as,

fracture resistance, stiffness, toughness, and temperature performance.

Composl: materials

I I
Fiber-reinforced composws PartWwaiticwoed  composites

(fibrous composites) (pertkxlate  composiles)

I
I

Single-layer composites Multilayered (angle-ply) composites RandOfll Preferred
[including colxposites  having same onentatlon

I

orientation crientatbn
and properties m each layer)

II
I I I

Contmuo&iber- Discont!n;ous-fiber-
reinforced composites reinforced composites

r----l e-----l
Unldlrectlonai Bidirectional Random Preferred
remforcemeni $voven:l oneniabon orientation

remforcement

Lamkates H&rids

Figure 7 Classljkation  scheme of composite materials.

Pigmented coatings can be considered as particle-reinforced polymer composites with random

orientation of the particles, or with preferred orientation of the particles in the plane of the coating

in case of the anisometric particles, such as plate-like clay. Paper coatings additionally contain air

voids. A coated paper itself can be considered as a multilayered hybrid composite of at least

three different layers:

l The base paper, a fibrous composite with preferred in-plane orientation, which can contain

fillers.

l The interphase, where penetration of the coating into the base paper occurs.

l And on top a layer of pigmented coating. The coating can be a single layer, or can consist of

as many as three different layers (triple coating).
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Coating Layer

Interphase

Base paper

Figure 8 Structure of coatedpaper

2.3.2 Pigment Volume Concentration

The coating composition can be described in several different ways. Weight fractions are

commonly used in industrial processes describing the components’ relative proportions.

w,  = MB
M,+M,  ’

w,  = 6

4 +M,

WB,  WP  . . . . . . . . . . . . . weight fraction of binder and pigment

Me,  MP . . . . . . . . . . . . . mass of binder and pigment

Equation 7 6

For paper coating formulations, the binder to pigment ratio is typically expressed in park per

hundred (pph).  The pph binder is the amount of binder in grams per hundred grams of pigment.

pph binder = -6 *100
MP

g binder
100  g pigment 1 Egua tion 17

The use of weight fraction ignores the fact that different components have different densities, and

therefore different volumes. For analytical purposes, volume fractions are thus used.

The Pigment Volume Concentration (PVC) is the ratio of volume of the pigments, to the total

volume of the solid components in the coating. While the different densities of the components

are taken into consideration, the volume contribution of air voids is not.
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Table  15 Comparison of maximum in tan Delta for the two styreneibutadiene  latices  distinguishing in

carboxyla t ion  degree

Experimental Latex I
0.556 (lS.O’C)

0.504 (153°C)

Experimental Latex II I
1.400 (22.4”C)

7.2.2 Effect of Pigment Volume Concentration for Polystyrene Plastic Pigment

and Latex II - Temperature and Time Dependency

Polystyrene plastic pigment coatings with latex II were only prepared in the high PVC range

(Figure 62). The polystyrene plastic pigment coatings with latex I and latex II performed for

pigment volume concentrations above 70% in a similar manner. For the temperature scans the

coatings with latex II showed slightly lower values for storage modulus at temperatures above

latex glass transition temperature as it was expected (see also Figure 66). The carboxylation

degree showed only little effect on the storage moduli.

The master curves were calculated at a reference temperature of 0°C (Figure 63). As expected

showed latex II for frequencies below IO” Hz a stronger strain dependency then latex I. The

coating films of latex II with high pigment volume concentrations performed in the same manner

then latex I with slightly lower values for storage modulus.
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Figure 62 Storage modulus versus temperature for latex II and plastic pigment coating, at d@erent

pigment  volume concentrat ions.
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Figure 63 Master curves of storage modulus for latex II and plastic pigment coatings at d@erent  pigment
volume concentrat ions,  calculated at  0°C
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7.2.3 Effect of Pigment Volume Concentration for Clay and Latex II  -

Temperature and Time Dependency

Clay coatings with latex II were prepared in the high PVC range (Figure 64). The with latex II

performed similar as the coatings with latex I, showing a depression around the glass transition

region. In the high temperature region above 40°C a lower storage modulus for the pigmented

coatings was expected for latex II. The performed temperature scans showed for 90%,  80% and

70% PVC a higher value of storage modulus in this region, though (Figure 66). For clay coatings

with latex II and 60% PVC the storage modulus was in the high temperature range lower

compared with coatings prepared with latex I.

l.E+ll  t

l.E+05  
-50 0 10050

Temperature [“Cl

150

Figure 64 Storage modulus versus temperature for latex II and clay pigment coating, at direrent pigment

volume concentrat ions.
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The master curves were calculated at a reference temperature of 0°C (Figure 65). As expected

showed latex II for frequencies below IO” Hz a stronger strain dependency then latex I. The

storage modulus for the 90%,  80%,  70% and 60% PVC coatings with latex II performed with

slightly higher values than for latex I over the whole frequency range.

l.E+ll  1

@ 90 PVC
+ 80 PVC

’ 60 PVC
@ Latex II

l.E+06  ’
1 .E-12 1 .E-09 1 .E-06 1 .E-03 1 .E+OO

Frequency [I/s]

i
1 .E+03 1 .E+06 1 .E+09

of storage modulus calculated at 0°C with Universal Constants, for clay pigment

and latex II coatings at different  pigment volume concentrations

7.3 Comparison of Viscoelastic Behavior with Temperature for the

Different Pigment Types and Latices  for High Pigment Volume

Concentration

The following picture demonstrates for the different pigments and latices  the temperature

behavior at the same pigment volume concentration. The three different types of behavior can be

seen clearly.
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Figure 66 Storage modulus versus temperature for coatings with latex I and latex II for the direrent
pigments  a t  varying pigment  volume concentrat ions
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Calcium carbonate coatings showed the usual and simplest temperature behavior, with a single

glass transition region. Polystyrene coatings resulted in two glass transition regions, the first one

related to the transition temperature of the latex, and the second related to the glass transition

temperature of the polystyrene plastic pigment. The clay coatings showed a depression behavior

around the latex glass transition temperature for both latices  in the high pigment volume

concentration range. It also was observed, that clay coatings below the glass transition

temperature did not perform very constant, repeatability was poor for low temperatures.

Clay pigments have a higher storage modulus than calcium carbonate pigments and polystyrene

plastic pigments. Therefore coatings prepared with clay performed with the highest storage

modulus, followed by coatings prepared with calcium carbonate and polystyrene plastic pigment

coatings. The shape of the pigments additional effect the storage modulus of a composites. Plate

shaped pigments (clay) show a higher modulus than prismatic shaped pigments (calcium

carbonate) and spherical particles (polystyrene plastic pigment).

7.4 Burger’s Model Applied on Latex I

The viscoelastic mechanical behavior can be described by mechanical models consisting of linear

springs and linear dashpots. An attempt was made comparing measured data with the

4-parameter model from Burger (Figure 67). The Burger model consists of a Maxwell and a

Kelvin model which are connected in series. At high frequencies Burgers model behaves like a

stiff elastic solid (glassy) with an elastic modulus of E,. For lower frequencies (below the

transition region) it becomes flexible but elastic (rubbery state) with a much lower modulus than

the glassy state. If the frequency is very low Newtonian flow in the Maxwell model becomes

dominant, so fluid-like behavior is observed.
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Figure 68 showed the master curve for latex I for the storage modulus, loss modulus and

tan Delta. The master curve was obtained from measured data through time-temperature

superposition. WLF-theory and Universal Constants were applied, and master curve was

calculated at a reference temperature of 0°C.

Figure 67 Burger  model ,  consis t ing of  a Maxwell  e lement  and Kelvin element  in series

l.E+lO

El
2 l.E+07
0

5

1 .E+06
1

Storage Modullus

. E-09 1 .E-06 1 .E-03 1 .E+OO 1 .E+03 1 .E+06 1 .E-l

Frequency [l/s]

1 .E+OO

1 .E-02

-09

Figure 68 Master curves of storage modulus, loss modulus and tan Delta for latex 4 at a reference
temperature  of  0 ° C
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For calculation of the Burger model, differential equation in Table 1 was applied. The differential

equation was solved for dynamic sinusoidal input in Table 2. The resulting curves are shown in

Figure 69, where o is the angular frequency. For frequencies above 1 O*Hz, the Burger model was

a good assumption for the measured data of storage modulus.

Table  I6 Moduli  and v iscos i ty  of spr ing  and dashpot  of Maxwell  and Kelvin element

1 *lO’O

ELoss( a)
. . . . . .
Ecomplex( a) ,

I I I I I I I I I I I I I I 1

1.10~1.10-f .1o-3 0.01 0.1 1 10 1001.103.1041 .161.1061 40’1 .1081 40s .lO’O

u) (a), u) (a), u) (a), oLatex

Figure 69 Comparison of storage modulus, loss modulus and complex modulus calculated by Burger

model with master curve of storage modulus (-ELatex)  obtained from dynamic mechanical

thermal  analys i s
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7.5 Coated Paper

Experimental studies of uncoated and coated paper have been performed in order to study the

properties as a function of composition. A LWC base paper with a grammage of 41g/m2  and a

thickness of 70pm was coated with 90% PVC coatings of the three different pigments and

experimental latex I (Figure 70 to Figure 72). The gap application resulted for the different

pigments in different coat weights (Table 17). A comparison with the same coat weight would be

preferable.

Table  I7 Grammage and thickness  o f  coatedpaper

LWC base paper

LWC base paper coated with 90% PVC calcium

carbonate and experimental latex I

LWC base paper coated with 90% PVC polystyrene

plastic pigment and experimental latex I

LWC base paper coated with 90% PVC clay and

experimental latex I

The LWC base paper showed a storage modulus of 4SGPa at -50°C linearly decreasing with

increasing temperature to 3.4GPa  at 150°C. Loss modulus was between 0.7GPa and l.lGPa

over the temperature range. The LWC base paper did not show a transition region.

At temperatures above latex glass transition temperature the storage modulus of calcium

carbonate coated paper, calcium carbonate coating (9O%PVC)  and LWC base paper showed the

same level (Figure 70). Also for the coated paper a maximum was seen in loss modulus and

tan Delta around the glass transition temperature of the experimental latex I. The transition region
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was broader and showed a lower value for tan Delta than the pure calcium carbonate coating

(Figure 70).

The paper coated with 90% PVC polystyrene plastic pigment and latex I resulted in a lower

storage modulus than the storage modulus of the base paper. Hence the coating did not have a

reinforcing effect on the paper over the whole temperature range. Around the glass transition

temperatures of the experimental latex I and the polystyrene plastic pigment the loss modulus

and tan Delta of the coated paper showed a maximum though less pronounced than for the pure

coating sample (Figure 71).

The storage modulus of 90% PVC clay coatings was observed to be above the storage modulus

of the LWC base paper. Consequently the coating showed a reinforcing effect for the coated

LWC paper. For loss modulus and tan Delta the maximum values around latex glass transition

temperature were below the values of the pure coating (Figure 72).

For the coated paper it was again observed that if the pure coating layer showed a higher storage

modulus than the LWC base paper, the storage modulus of the coated paper increased,

reinforcing the paper. If the modulus of the coating layer was lower than the modulus of the LWC

base paper, the modulus of the coated paper was found to be lower than the LWC base paper,

and the coating was reinforced by the paper.
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Figure  70  Storage  modulus ,  loss  modulus  and tan Del ta  versus temperature for  la tex I ,  90% PVC calcium

carbonate  coat ing,  L WC base paper  and L WC paper  coa ted  with 90% PVC coating
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Figure 71 Storage modulus, loss modulus and tan Delta versus temperature for latex I, 90% PVC

polystyrene plastic pigment coating, L WC base paper and L WC paper coated with 90% PVC

coating

1 1 6



“’ “” “’ ”

i

Latex1

l.E+08
-50 0 50 100 150

Temperature PC]

l.E+09  L

0 50 100 150

Temperature PC]

l.E+OO

l.E-01
z
3

2

5
l.E-02

' LWCPaper

l.E-03
-50 0 50 100 150

Temperature PC]

Figure 72 Storage modulus, loss modulus and tan Delta versus temperature for latex I, 90% PVC clay

coat ing,  L  WC base paper and L WC paper coated with  90% PVC coat ing
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8 Micro Structural Analysis

The sample surface morphology was investigated with an Environmental Scanning Electron

Microscope. The microscopic stress-strain behavior and its relation to pigment concentration,

distribution and agglomeration were evaluated by performing mechanical tensile tests within the

ESEM.

8.1 Surface Analysis

Low magnifications allowed characterizing the surface structure and surface features of the

coatings. Figure 73 shows two images of gold sputter coated polystyrene coatings (80% and 30%

PVC) at low magnifications obtained with secondary electron detector (ESD). The particles

showed few tendencies to agglomerate.

80% PVC Polystyrene coated on Cellophane 30% PVC Polystyrene coated on Cellophane
S p u t t e r  c o a t i n g : 2 0  n m  g o l d S p u t t e r  c o a t i n g : 2 0  n m  g o l d

S c a l e  b a r : 10pm S c a l e  b a r : 5m
Accelerating voltage: 20 kV A c c e l e r a t i n g  v o l t a g e : 20 kV

Working Distance: 7 . 4  m m Working Distance: 8 . 3  m m

Chamber Pressure: 2.5 T Chamber Pressure: 2 . 5  T

ESD E S D

Figure 73 Polystyrene plastic pigment and latex I coatings with 80% and 30% pigment volume

concentrat ion a t  low magnif ica t ions ,  samples  gold  sput ter-coated

1 1 8



For samples with low pigment volume concentrations it was observed that the electron beam

altered the sample surface. The polymers were burnt off. This was especially observed for

uncoated, non conductive surfaces.

In Figure 74 two polystyrene coatings with 80% and 70% PVC were compared at higher

magnification. The latex coverage of the plastic pigments can be seen very clearly. High

magnifications were necessary to clearly characterize the pigments’ shape and surface character.

High magnifications (>lO,OOOX)  resulted in very clear surface images (Figure 75).

80% PVC Polystyrene on Cellophane 70% PVC Polystyrene on Cellophane
S p u t t e r  c o a t i n g : 2 0  n m  g o l d S p u t t e r  c o a t i n g : 2 0  n m  g o l d

S c a l e  b a r : 5 0 0  n m S c a l e  b a r : 5 0 0  n  m

A c c e l e r a t i n g  v o l t a g e : 20 kV Accalerating  v o l t a g e : 20 kV

Working distance: 7 . 4  m m Working distance: 7 . 6  m m

Chamber pressure: 2 . 5  T Chamber Pressure: 2 . 5  T

E S D ESD

Figure 74 Polystyrene plastic pigment with latex I coated on cellophane, surface with 20 nm gold spu#er

coated
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Figure 75 80% PVC poIys@rene  plastic pigment and latex  I coated on Mj4arR9  sample surface gohi
sputter-coated

80% PVC Polystyrene on Mylar@
S p u t t e r  c o a t i n g : 2 0  n m  g o l d

S c a l e  b a r : 5 0 0  n m

Accelerating voltage: 20 kV

Working distance: 7 . 2  m m

Chamber Pressure: 2 . 5  T

ESD

8.2 Tensile Testing - Image Analysis

Tensile testing was performed within the ESEM. Images were taken at different elongation steps.

The optimal magnification was found to be between 4000X to 8000X. At lower magnifications the

pigments could not be resolved by the image analysis program. For images with too high

magnifications the pictures went out of range during testing. A disadvantage of the tensile stage

was that it was not possible to measure the applied force. Therefore sample breaks were not

detected during testing procedure.
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unstrained

sample

t = OS

Strained

sample

after 8*1 OS

Figure 76 80% PVC Polys tyrene plas t ic  p igment  and la tex I  coat ing,  before  s training,  and af2er  8  s t eps  of
strain were applied, @*IOs  with I&s),  scale bar: 2pm
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With the image analysis program “Sherlock” the displacement of particles were traced. Figure 76

shows two images, of the unstrained sample before testing and after 8 steps of 10s of straining

with a strain rate of lumls  applied. The matrix of absolute displacements over time is seen in

Figure 77 for the marked points A to H of Figure 76. The resolution of the image analysis program

depended on the magnification of the images. E.g. an image magnification of 6500X resulted in a

sub-pixel resolution of 20-25nm.

65 pixel=2pm
X

0 100 200 300 400 500 600

0

50
Point D____-

Point A

Figure 77 80% PVC polystyrene plastic pigment and latex I coating, map of absolute movement of the 8

d@erent  part ic les  in  Figure 76
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The relative movements of adjacent particles are shown in Figure 78.

-

X

-20 -10 0 10 20 30 40

0 - - - - -

50 -.--  ~~___-~
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_~~~~-
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60-- ______-- ______ ~__

.A(x.y)  +r B(x.y) ” C(X.Y) + D(x,Y) - E&Y) - WCY) - WY) - W.Y)

Figure 78 80% PVC polystyrene plastic pigment and latex I coating, relative movement of 8 adjacent
particles, scale bar: Ipm
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9 Summary and Conclusions

Coating films were prepared from model coatings with three different pigment types and two well

defined latices. Mechanical tests were performed to investigate the influence of pigment type,

shape, size distribution, pigmentation level and adhesion on the viscoelastic behavior of coating

films.

The critical pigment volume concentration of the coatings was determined by gloss

measurements. With static mechanical tests strong viscoelastic coating performance was

observed. Conventional tensile testing showed for increasing pigment volume concentration that

tensile strain decreased rapidly. The tensile strength was increasing with increasing pigment

volume concentration, reached a maximum at the critical pigment volume concentration and

dropped to a minimum above CPVC, this had been shown in previous work [Schaller 1968,

Schaake 1988, Raman  1997 and 19981.  For the Young’s modulus a rapid increase was observed

around the CPVC, leveling off with further increase in pigment volume concentration.

By subsequent dynamic testing the viscoelastic material behavior was investigated in more detail.

Behavior with temperature and time was evaluated for the three pigment types and latices with

different carboxylation degree at varying pigment volume concentrations on free coating films in a

tensile mode. The storage and loss modulus of the coating layers were found to be strongly

related to the thermal softening of the coatings latices. At low strain levels the coatings did exhibit

a linear viscoelastic behavior.

For the material systems with polystyrene plastic pigment and calcium carbonate pigment the

storage moduli decreased with increasing temperature. The rate of decrease in performance was

influenced by the pigment volume concentration level. The influence of pigmentation on the
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modulus below the latex glass transition temperature was less pronounced then above the latex

glass transition for all three pigment types. Coatings with high pigment volume concentrations

exhibited little temperatures dependence above the latex glass transition temperature. This

suggests, that an increasing extent of binder has reduced segmental mobility at high pigment

volume concentrations (Zosel 1980).

Calcium carbonate pigment coatings showed a single transit ion around latex glass transit ion

temperature. The addition of calcium carbonate pigment to latex resulted in a reinforcement effect

over the entire pigment volume concentration range. Below the glass transition region a

maximum storage modulus was reached, with further increase in PVC the storage modulus

leveled off. Coatings prepared with polystyrene plastic pigment exhibited two transitions, the first

one at the glass transition temperature of the latex, the second at the glass transition of the

polystyrene pigment. Polystyrene plastic pigment actually showed below latex glass transition a

lower storage modulus then the latex, hence the addition of plastic pigment did not lead to

reinforcement. Above the latex glass transition temperature and below the pigment glass

transition had the addition of pigment a reinforcing effect. For clay coatings a different behavior

was observed. Pure clay samples exhibited a depression reaction at temperatures from 5” to

25°C. This depression was also observed for coatings at the different PVC levels. Below latex

glass transition temperature, storage modulus increased with increasing pigment volume

concentration. Around the critical pigment volume concentration the highest storage modulus was

reached, further increase of resulted in a decrease in storage modulus. For the depression

behavior was observed that it was partly reversible for very high pigment volume concentrations.

Below 80% pigment volume concentration the depression behavior was irreversible and resulted

in a common transition for subsequent reruns.

Pigmented coatings containing pigments with orientation axis resulted in a higher storage

modulus. Therefore clay coatings performed with the highest storage modulus, followed by

calcium carbonate coatings and polystyrene plastic pigment coatings. The plate-like clay
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pigments are building a composite with particle orientation in plane of coating. Calcium carbonate

coatings exhibit an orientation of the anisometric particles, too. Although it has to be considered,

that the effect of pigment geometry and shape are combined with other pigment properties, e.g.

different surface chemistry.

The glass transition temperatures determined by peak of tan Delta with dynamic mechanical

thermal analysis were found to be higher then when measured with dynamic scanning

calorimetry. With increase in pigment volume concentration coating glass transition temperature

increased to a maximum.

Table 18 Summary of CPVC and mechanical behavior with increase in PVC level

Classical composites theories (Rule of Mixture, Transverse Rule of Mixture and Halpin-Tsai

Equation) were compared with experimental obtained data. It was seen that those models were in

general not capable to predict the moduli over the temperature and pigment volume concentration

range. Although for certain temperature levels, and pigments as well as pigment volume

concentrations a good agreement was found.
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Time-temperature superposition and WLF-theory with Universal Constants were used to

construct master curves of the viscoelastic response of coatings at different pigment volume

concentration levels. Compared with the temperature behavior the master curves resulted in

similar curves, where low temperature corresponds to high frequency (short time behavior) and

high temperature corresponds with low frequency (long time behavior). The transition regions

occurred during a frequency range of 10m6Hz to 1 Hz (corresponding with 0°C to 25°C). Time-

temperature superposition was developed for polymeric systems. It was observed, that for the

polystyrene plastic pigment coatings better master curves resulted.

The effect of adhesion was tried to be determined by evaluating two latices  with different

carboxylation degree. The decrease of storage and loss modulus in glass transition region was

more rapid for the latex with lower carboxylation degree, exhibiting lower values above the glass

transition region and for low frequencies. The effect of adhesion could not be determined by

dynamic mechanical thermal analysis. The measurements were performed at low strains, in the

linear viscoelastic region [Harding and Berg 19971.

Information about surface morphology of the pigments and coatings was obtained by surface

observation in the scanning electron microscope. With tensile tests in the images at increasing

elongation levels were obtained. Image analysis was used to trace particle movements.

Recommendations for future work:

To determine the influence of the shape on mechanical properties a different geometry within the

same pigment type should be used.

Blends with different pigment types could be prepared, and verified if the mechanical response

can be predicted from the single pigment phases.
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The depression observed with clay coatings coincided with the latex glass transition temperature.

Determine how the response would look like, if the latex glass transition temperature is well below

of above this temperature range.

Effect of calendering or mechanical conditioning on the presence of clay depression should be

investigated, to compare with the effect seen in DMTA through successive scans of the same

specimen.
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