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INTRODUCTION 

Polymeric coatings such as paints, varnishes and inks tend 
to shrink as they dry. This is true whether the coating dries 
due to chemical change or purely physical change, e.g., sol- 
vent evaporation. The area of a coating is constrained to 
remain at its original wet size by adhesion to a normally 
rigid substrate so volume changes are accommodated by a 
change in thickness accompanied by fluid flow. After the 
coating solidifies and can no longer flow, however, subse- 
quent chemical change or solvent loss produces an internal 
strain in the plane of the coating as it proceeds to its final 
dry state. Unfl)rtunately, this internal strain, or stress, sel- 
dom disappears completely after the normal viscoelastic 
relaxation in the polymer but remains to threaten the co- 
hesive and adhesive properties of  the system. Because re- 
duction m residual stress may extend the service life of a 
coating and bring about considerable financial and raw 
materials saving, greater understanding of this phenomenon 
is required. 

This paper is concerned with the effect of pigment on 
the residual strain, modulus and glass transition temperature 
(Tg) of  a PMMA lacquer. 

Previous work ~ on clear, unpigmented lacquers, which 
dry only by evaporation of the solvent, has shown that the 
residual stress, or strain, is independent of dry coating thick- 
ness or initial solution concentration. In these systems the 
solidification point has been identified as that point at 
which the T~ of  the polymer solvent mixture coincides 
with ambient temperature. 

The literature on residual stresses 2"~ is mainly concerned 
with chemically cured, convertible coatings. There is infor- 
mation, however, on an aluminium powder-filled polysty- 
rene lacquer 4 for which the internal stress decreases with 
increasing filler content.  

One might expect the filler (pigment) simply to reduce 
the residual strain by dilution, but data are presented here 
which show that the situation can become more complicated 
when polymer, solvent and pigment interact and the coat- 
ing thickness varies. It is possible for the modulus of  a 
coating to increase or decrease with increasing pigment 
content depending on the interaction between the consti- 
tuents and the size and shape of the pigment particles. In 
the system studied here, the modulus increased. 

111 t]le current experiments residual strain was measured 
as lhe relative shrinkage of dry coatings upon release from 

a tinplate substratc. ]he  polymer used was polymethyl-  
methucrylate, the solvent was toluene and the pigment was 
futile titanium dioxide, a very common white pigment. 

fHEORY 

A phenomenological theory has previously been proposed 
to explain the residual strata in clear lacquers. In this s~_: - 
tion it is extended in a simple way to account for the efle,,t 
of pigment. 

Tiffs investigation is concerned only with the final. 
equilibrium vtdue of the internal strain. A complete study 
of how it arises as the coating solidifies would be a much 
more complicated undertaking. 

It is assumed the residual strain is due only to the differ- 
ence between the volume fraction of  solvent present in the 
coating when it solidifies, Os, and the volume fraction re- 
tained in the 'dry '  fihn, ~r. Prior to solidification the coat- 
ing mixture can flow to accommodate the volulne change 
under the constraint of  constant area. When the coating 
solidifies, however, further loss of  solvent volume results 
in an internal strain in the plane of the coating because the 
area cannot change due to adhesion to the substrate, where- 
as the thickness dilnension is always flee to contract.  It is 
assumed that the coating would contract isotropically, if 
free, and that loss of  solvent produces an internal bulk strain 
within the coating, equivalent to an isotropic linear strain 
field. 

Residual strain and soh,en/ loss 

In this subsection an expression is derived for the residual 
strain in terms of the vohune of  solvent lost after the coat- 
ing solidifies. 

The volume fraction of  solvent is expressed as a fraction 
of the volume of  tire polymer and solvent combined, as it 
would be m a free clear film. ttence, at tire solidification 
point 

vol of solvent 
~s = 

Y + vol of solvent 

.'. vol o f  solvent = 
% V 

1 Os 

where V = volume of  polymer present. 
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Similarly in the dry fihn 

~b r V 
vol of  solvent = 

1 ~r 

V remains constant in the calculation because (ar is measured 
for free unstrained films. 

Thus the loss in vohnne of  solvent after solidification, 
AV, is 

(as ~" 1 

The pigment volume fraction, (ap, is expressed as the 
fraction of  pigment with respect to polymer + pigment. 
Hence the volume of  pigment in a film, which remains un- 
changed, is given by 

(1) 

qSp I" 
pigment volume = 

1 C~p 

Jhen the total volume of  the film at solidification, VT, 
is given by 

( v r = v l + -1 5-¢;s + ] -7  

The bulk strain, A V/VT, is equivalent to an isotropic 
linear strain, e, in the usual manner 

(2) 

1 A V  
e . . . . . . .  (3) 

3 V T 

which can be expressed using equations (2) and (3) as 

,i0, ° '  
17- (a- , /  1 +  . . . . . . . . .  + 1 - (a, [ -17  

(4) 

To calculate the residual strain, e, values of (as, ¢r and (ap 
are necessary. Direct measurements of  (at and (ap are possible, 
as explained in the experimental results section. To obtain 
a value of (as, one must first identify the solidification 
conditions. 

Coating solidification 
Solidification occurs when the wet coating first behaves 

like a solid rather than a viscous liquid, i.e., when large- 
scale molecular motion ceases in the polymer. It resembles 
the glass-rubber transition in solid polymers: above the 
transition temperature, Tg, large-scale molecular motion is 
allowed; below, the polymer 'solidifies' into a more rigid 
structure. 

Incorporating a solvent into a polymer will lower Tg 
considerably, the depression increasing with solvent con- 
centration. The depression can be readily measured and 
for this work ~b s is chosen as the solvent concentration that 
depresses Tg to the ambient temperature. As will be seen 
later, it is necessary to allow for the diffuse nature of  the 
glass transition in an, as yet, empirical fashion. 

The addition of  pigment (filler) frequently increases 
the value of  Tg. In this case (as will increase because in 

order to bring the value of Tg back to coincide with am- 
bient requires a greater concentration of solvent in the 
mixture. Since the solvent retained in the dry film does 
not alter significantly upon addition of  pigment, the in- 
creased shrinkage observed in some pigmented films, com- 
pared with the corresponding clear film, may be attribut- 
able to the greater difference in solvent concentration be- 
tween the solidification point and the final dry state. 

If the pigment does not affect the glass transition of  the 
polymer, then the concentration of  solvent in the polymer 
at solidification will not be changed either. Thus one might 
expect a decrease in the over-all residual strain as the pig- 
ment is merely diluting the mixture. 

In order to test these ideas the depression of  T a by sol- 
vent was measured not only in clear coatings but in a pig- 
mented formulation. 

EXPERIMENTAL RESULTS 

The coatings were made using polymethylmethacrylate, 
PMMA (duPont Elvacite 2010) dissolved in reagent grade 
toluene. A commonly used pigment, futile titanium dioxide, 
was chosen; the grade used was Titanox RA (97 per cent 
pure). An examination by scanning electron microscope 
showed that the pigment particles were spherical and that a 
representative diameter was 0.3/.tin, which is typical for 
this type of  pigment. 

All measurements were performed at 23(+0.5)°C and 
50(+2) per cent R.H. 

Residual strain measurements 
This type of measurement has been described before 1. 

An area is masked off  on a tinplate substrate (60 x 10 ram) 
and the coating applied using a drawdown blade. After the 
coating is completely dry, checked by weighing, it is released 
from the substrate by mercury amalgamation. Subsequent 
contraction in its length is monitored using a travelling 
microscope until it reaches a final steady value. The original 
length of the coating on the substrate is used to calculate 
the relative shrinkage, or residual strain. 

This is a simpler procedure than measuring the residual 
stress and can be readily carried out on many samples at 
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Extreme examples of the effect of coating thickness 
on residual strain (shrinkage). Line represents mean value, o, 5% 
pigment all adhered; e, 49% pigment all detached 
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Figure lfb) Effect of coating thickness on residual strain for an 
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once. Measuring the residual strain is also a more direct 
test of  the theory than measuring the equivalent stress (see 
Ref 1). 

Examples of  the results obtained are presented in 
Figures Ira) and (b). Those coatings which remained ad- 
hered to the substrate when dry gave one v',due of  residual 
strain, independent of coating thickness, as found pre- 
viously for clear lacquersL Those which spontaneously 
detached gave a larger v~ue. At low pigment concentra- 
tions, ~<20%, thin coatings adhered and gave the low strain 
result; thicker coatings detached and gave a higher result 
which became constant for very thick coatings. It was 
noted that the thickest coatings were the first to detach. 
For pigment content >20%, all the coatings detached. 
Some of  them broke into many pieces, particularly at high 
pigment concentrations. If only two or three breaks occur- 
red then a value of  residual strain was observed that was 
consistent with that obtained flom whole specimens. Gene- 
ndly, if a specimen broke into three pieces or more it was 
discarded. 

bTgure 2 displays the variation of residu~d strain with 
pigment concentration for both the attached and detached 
type of  specimen with the bars representing one standard 
deviation. At 68% pigment concentration all the coatings 
detached, but still gave only a very low value of  shrinkage. 

Effect of  soh,ent atzd pigment on T~ 
It is necessary to know tire effect solvent and pigment 

have on the glass transition of  the polymer in order to cal- 
culate {as, the solvent concentration at which the coating 
mixture solidifies. 

A Differential Scanning Calorimeter (DSC), duPont 990. 
was used conventionally to measure Tg over a range of 
heating rates 0.2 to 20K/min. The temperature at which 
the appropriate maximum occurred in the specific heat 
was plotted as a function of  heating rate and extrapolated 
graphically to zero beating rate in order to obtain Tg. The 
results are presented in Figure 3. This procedure appeared 
to be sufficiently accurate and consistent for the purposes 
of  this investigation. 

Differing concentrations of  solvent were obtained by 
drying specimens from solution at various elevated (70°C) 
and depressed temperatures (room temperature to 70°C). 

The glass temperature of  only one pigmented mixture, 
30% by volume, was measured. At lower concentrations 
of  pigment the effect on T~ was too small to give a reliable 
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difterence between pigmented and clear mixtures. At greater 
concentrations the peak in specific heat became rather in- 
distinct because of  the low proportion of  polymer. Even 
30% by volume pf pigment represents over 6@2b by weight 
because of large differences in density between PMMA, 
1196 kg/m 3, and futile TiO2, 4200 kg/m 3. 

A peak m specific heat was found at 50 to 60°C which 
was due to tire titania pigment. The phase diagram for 
titanium dioxide is quite complicated, but there is a change 
consistent with the experimental finding. Generally the 
peaks due to polymer and pigment could be distinguished. 

A wide range of  moulding temperature and pressure was 
used in an attempt to obtain a solventless mixture of PMMA 
and titanium dioxide pignrent by compression moulding. 
It was found impossible to combine more than about 10% 
by volume of  pigment. When tested in the DSC the com- 
pression moulded sample showed no perceptible difference 
in T~ from the original resin. 

Measurement of solvent content 
In order to measure the toluene content of a fihn, clear 

or pigmented, it was first redissolved in reagent grade car- 
bon tetrachloride. The resulting solution was then analysed 
in a gas chromatograph using the thermal conductivity de- 
tector (ASTM E260 and D3271). The initial concentration 
of the coating with respect to the carbon tetrachloride was 
known and tile ratio of carbon tetrachloride to toluene was 
determined from the ratio of  tile peak areas on the chroma- 
togram. Thus the proportion of  toluene retained in the 
dried coating was easily calculated. The retained solvent 
volume is expressed in this paper as a fraction of  the solvent- 
polymer total. The solvent concentration in the mixtures 
used in the T~ measurements was also measured in this 
inanner. 
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Figure 2 Residual strain as a function of pigment concentration 
l ,  mean value (~1 std. dev.); I ,  highest value; - - - - ,  predicted 
value 
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In Figure 4 the variation of  retained solvent as a function 
of  pigment volume concentration is presented. There 
appears to be a small increase with pigment concentration. 
When fitted to a straight line by a least squares analysis it 
gives the following results: 

slope = 4.2 x 10 -2  (std. error 5.5 x 10-3) 

intercept = 7.4 x 10 -2  (std. error 1.5 x 10 . 3  ) 

The samples used in the measurement were of  a variety of  
thicknesses and had been drying for about 12 weeks. They 
were, in fact, the same specimens used to measure internal 
strain. 

Measurement of pigment volume concentration 
The proportion of  pigment was determined by ashing a 

known weight of  freed coating in an oven at 480°C for two 
hours. At this temperature solvent and polymer either 
evaporated or decomposed into gaseous products leaving 
the titanium dioxide pigment as a residue; it was then 
weighed. 

Knowing the solvent content and the densities of the 
various constituents allowed the calculation of  the pigment 
volume concentration as a fraction of  the pigment--polymer 
total. 

Effect of pigment on ttle mechanical properties of the 
coating 

To decide whether a particular residual strain endangers 
the integrity of  a coating requires knowledge of  its break- 
ing strain. Free films, the same size as the residual strain 
specimens, were tested in tension on a conventional testing 
machine at a strain rate of  2 × 10 -4  s -1. 

For unpigmented films, the breaking strain ranged be- 
tween 1.2 and 1.8% for those that failed within the gauge 
length. For pigmented films the value reduced to between 
0.5 and 0.7% with no discernible trend with pigment 
concentration. 

In the case of  the pigmented films, it was possible to 
obtain a value for the initial slope of  the stress strain curve, 

i.e., Young's modulus. This is plotted as a function of  pig- 
ment volume concentration in Figure 5. Fitting a least 
squares straight line to the data up to 25% v/v pigment 
gives the solid line on the graph. 

slope = 2.19 (std. error 0.26) 

intercept = 1.96 (std. error 0.043) 

DISCUSSION 

The mechanical properties and the glass transition are dis- 
cussed first because these results aid the understanding of  
the residual strain measurements. 

Mechanical properties 
As one might expect, the inclusion of  an inorganic pig- 

ment in the polymer made it more brittle, the breaking 
strain was reduced to 0.6% from 1.5% for the clear coating. 
There was no crazing visible in the clear coating prior to 
breaking. 

As the volume concentration of  titania increased so did 
the modulus of  the composite, see Figure 5. There are 
several theories s which predict this increase and these results 
are compared with two of  the more recent ones. 

Firstly, that of  Chow 6 relates the modulus of  a compo- 
site to that of  its components, assuming perfect adhesion 
between the two and that the pigment particles interact 
with each other. This theory generates the dashed curve 
in Figure 5. The parameter values used to generated the 
theoretical curves are as follows: 

Modulus of  polymer = 1.96 GPa (least squares intercept) 
Poisson's ratio polymer = 0.4 (assumed) 
Modulus of rutile titania = 328 GPa 
Poisson's ratio futile titania = 0.21 

The last two values are the average of  the Reuss and Voigt 
estimates for homogeneous particles of  a tetragonal mate- 
rial. The elastic constants were obtained from the litera- 
ture 7. It can be seen that the curve does not describe the 
data. 
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Secondly, the theory of  Takahashi et al. x predicts the 
composite modulus assuming that the pigment particles are 
spherical and do not interact with each other. The lower 
dashed line, Figure 5, represents the prediction if free slipp- 
ing, i,e., no adhesion, is allowed between pigment and 
polymer. The upper dashed line is the prediction for per- 
fect adhesion between the two. It is obvious that tire case 
where the pigment and polymer slip with respect to one 
another fits the experimental data closely. The other dashed 
line for perfect adhesion is consistent with the dashed curve 
at low values of  pigment concentration where the interac- 
tion between pigment particles would be slight. 

The rather high experimental value for the modulus at 
38% pigment volume concentration likely indicates a degree 
of interaction between particles at this level of  pigmentation. 

Comparison with the various theories of composite 
modulus indicate that in this case the pigment particles do 
not interact up to 25% pigment concentration and that 
when the composite is stressed there is a complete loss of 
adhesion between pigment and polymer. 

Glass transition temperature 

There is indeed an increase in the glass transition of  
PMMA when rutile titania is added, but only it seems in 
the presence of  a solvent, toluene. It proved very difficult 
to compression mould PMMA and this piglnent, and the 
resultant tnixture showed no appreciable increase in T+v,. 
This must mean that there is no interaction between the 
two unless the polymer is dissolved in a solvent that allows 
it to wet tile pigment surface and thus adhere. Conclusions 
drawn from the previous section on mechanical properties 
are consistent with this. 

The degree of  cotnpatibility between components of a 
mixture might be expressed by their respective solubility 
parameters °. Since these properties for PMMA, an organic 
polymer, and titania, a metallic oxide, are widely different 
the two are unlikely, to adhere or interact iuuch. 

Possibly a piglnent influences tile glass transition only 
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ii it b, wetted b; the polymer. ()Iher\vise it llla,~ be ileccs- 
sztr_~ to aid interaction by using a suitable solvent as a wctt- 
ingagent . . .knv surface treatment of tile pigment during 
manu[acture will also be significant in this respect. 

It is interesting to note in frgto'e 3 trill there is i'll 
approximately constant difR'l-cnce in f e bet~.een the two 
curves, independent of solvent concentration. 

Svh'cnt retained m l/re i~vl),mer 

l.'(aure 4 shows that the concentration of toluene re- 
tamed by tire fihn increases slightly with pigment concen- 
tration when expressed as a fraction of the total polymer- 
solvcntvohlme. It may be that the pi~nent surface adsorbs 
solvent and no change occurs in the polymer matrix. -fhe 
graph may no! truly be linear, but these changes are so 
slight that they will have little etTect on subsequent 
calculations. 

Residual strain 

Detached coatings. l h e  upper branch of the data pre- 
sented in l:ixurc 2 represents the shrinkage in those films 
that spontaneously peeled off the substrate as they dried. 
tn these coatings the internal strain tstress)is large enough 
to initiate failure of the adhesive bond and there is sufficient 
strain energy to overcome the work of  adhesion and create 
new surface area. thus tile coating detaches. 

Adhesion of coatings with pigment concentrations of  
greater than about 20~ is poor and lull the coatings detached 
sooner of later. It seems that the polymer does not wet 
the pigment well, thus pigment particles may come into 
direct contact with tile substrate, l lence, with high pig- 
ment loading there may be comparatively little polymer in 
contact with tile substrate to provide adhesion. Sponta- 
neous peeling does mean that the coatings are not con- 
strained and can shrink as they will. Consequently, the 
possibility of internal damage is much reduced and the 
polymer and pigment can adhere and interact. 

In Figure 2, the values of internal strata from the coat- 
ings that detached quickest (in general, the thickest coat- 
ings) are displayed. They are the largest values and are 
probably more typical of  this type of behaviour. Those 
points with the one-standard deviation bars represent the 
average value recorded for all those fihns which eventually 
detached. Because most coatings have dried partially under 
internal stress, there is a considerable chance of internal 
damage which will tend to reduce the value of shrinkage 
measured. 

The value of  strain at 68% pigment by volume is very 
low, in contrast to the ever increasing values up to 48% 
shown. The pigment is much stiffer than the matrix and at 
a concentration such that there is a significant chance of  
many pigment particles touching, the over-all strain should 
diminish considerably. In a perfectly dispersed system of  
spheres, such as the pigment particles, the particles will 
touch when the spheres (diameter = 2r) have only the 
minimum cubic space (side = 2r) to occupy. The packing 
in this case is equivalent to a simple cubic lattice. A more 
complete treatment of pigment packing is given by 
Bierwagen ~0 

Tile volume fraction of pigment, 017. at this initial touch- 
ing concentration is given by 

; 7rr 3 (2r) 3 
9F 3 
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In other words for (ap above 52% the shrinkage of the fihns 
should diminish greatly because a significant part of  their 
linear dimensions will comprise touching pigment particles. 
Tiffs effect may also depress the values of  shrinkage recorded 
at (ap below 52%. 

The densest @rm of packing for spheres is face-centered 
cubic or hexagonal close packed which amounts to a (at) of  
74% so it is hardly surprising that the shrinkage of  films 
with 68% pigment volume is so small. 

The data in Figures 3 and 4 can be used in equation (4) 
to predict the internal strain in the detached pigment 
coatings. 

For the clear fihn 

e = 0.01, ~b r = 0.073 

and (as can be deduced from equation (4), setting (ap equal 
to zero, which gives 

~b s = 0.101 

But the value of  solvent content, which reduces the Tg to 
room temperature (23°C), (a23, is 0.247. Thus AqS, which 
represents the width of the glass transition, can be found 

A(a = (a23 - (as = 0.146 

In this calculation (as, via dx(a, has been used as an adjust- 
able parameter. 

Now for the 30% pigmented film, it can be seen from 
the graphs that 

(a23 = 0.325 

and 

(ar = 0.087 

Using A(a obtained from the clear fihn above we have 

(as = 0.179 

which gives from equation (4) a value for the residual strain 

¢ = -.5% 

This is in very good agreelnent with the experimental result, 
as can be seen in Figure 2. 

It seems that equation (4), which predicts the value of 
the residual strain from the effect pigment has on the glass 
transition, is successful at 30% pigment concentration. 

The next part of this section extends the data to cover 
the full range of  piglnent concentration. 

Calculation of T,g attd e over cotnplete (ap range 
There is an equation which has been used to model the 

influence of  filler on Tg in polymers 11. Its form is essentially 

: %  = ~: (av _ (5 )  
l (ap 

where 

zXTg = increase in glass transition 
(ap = pigment volume fraction 
I (ap =polymer volume fraction 
K = constant for a particular polymer-pigment 

system. 

There is some detail in K, but it is unnecessary for the pur- 
poses of  this treatment. 

Although equation (5) does not appear to have been used 
previously for systems containing significant amounts of  
solvent it will be used to construct further Tg-solvent frac- 
tion curves for different pigment concentrations. Thus (a23 
and (as can be deduced for other values of(ap and hence 
values for e obtained using equation (4). 

First a value of  K can be deduced from the experimental 
data on clear and 30% pigmented films. As noted before 
there is a remarkably constant difference between the two 
Tg-solvent fraction curves of  some 12°C, which means that 
the value of  K obtained is approximately independent of  
solvent concentration. Over the experimental range of  sol- 
vent concentration, K varies from 27.3 to 30.1, an average 
value being 28.4 (ATg = 12.2°C). 

Curves of  Tg versus solvent content can be interpolated 
for (ap of  10 and 20%, and extrapolated for q~p of  40 and 
50%. Where extrapolation outside the experimental range 
of solvent content was necessary, the average value of  K 
was used, within that range there was a particular value of  
K for each concentration of  solvent. The constructed 
curves are shown in Figure 6, along with the experimental 
curves of Figure 3. Values of q~23 can be deduced from 
these curves, and reduced to (a s, assuming that A(a obtained 
from clear films remains applicable, q~r is, of  course, ob- 
tained from Figure 4. Table 1 gives these values for each 
value of (ap, together with the prediction for e using 
equation (4). 

The upper full line in Figure 2 shows the prediction 
which is in very close agreement with the experimental 
points. It not only demonstrates that the theory proposed 
for residual strain is successful but that equation (5) can be 
extended to cover the variation in Tg in systems containing 
pigment and solvent. It is worth noting that the same value 
of 2x(a was used in all pigment concentrations, which is 
essentially assuming that the glass transition has the same 
effective width independent of  pigment content. 
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Table 1 Predicted values of residual strain, e, and solidification 
point, Os, as a function of pigment fraction, Op 

Op 023 OS Or c 

0 0.247 0.101 0.073 0.01 (exptal) 
0.1 0.265 0.119 0.078 0.015 
0.2 0.291 0.145 0.082 0.019 
0.3 0.325 0.179 0.087 0.25 
0.4 0.39 0.244 0.091 0.37 
0.5 0.48 0.334 0.095 0.53 

l) isparity between the predicted and expemnenial values 
at high values of0p caii easily be accounted for. It i l i a )be  
that the locicl/iilg of pignlent particles redtlces the ineasl_lred 
shrinkage froth the ideal value, even below 52~ pigment 
coil tel l t .  Ally' e r ro r  in the experiinental curves for Tg c,)~ 
would be magnified with extrapolation. It nla\, well be 
that A~ is riot a constant or that K is not COllsiant over 
suchawide range. Bearing all this in mind. the combina- 
tion of  extrapolation and asstililption provides a very, good 
description of  tile data. 

Adhering coatings. ]'his branch t>f the strain versus pig- 
ment concentration graph represents the situation \vlierein 
the coating remains adhered to tile substrate. 

The thinner coatings that reinained attached to the tin- 
plate substrates as they dried displayed a slight decrcase in 
residual strain compared with that of the clear coating. In 
this case the coating is always constrained b), adhesion to 
the substrate, arid thus under stress, so if there is a poten- 
tially large internal strain, as in the detached samples, it 
must be relieved in some way. 

One possible explanation is that the pigment particles 
or agglomerates thereof, produce stress concentrations 
promoting local crazing in the polymer, which relieves tile 
over-all strain in the coalilig. No crazes or cracks could be 
detected, however, using either tile optical or scanning dec-  
Iron microscope and only very few imperfections could be 
l\mnd usmg an electrical breakdown method (ASTM 1) 1670). 
l lowever, the microscopy did reveal 13dnard cells (Figure 7) 
and strain relief nlav occur at their botmdaries. 

l'here is an alter-native explanation. In ibm coatings, the 
total internal strain energy developed as the pigmented 
polymer solidifies is insufficient to overcome the adhesion 
to the substrate. If the cohesive strength of  the polymer 
prevents cracking then the coating will be under stress :rod 
tlle interface between poly lnerandt f igmentmay fail. This 
is consistent witli the restilts of  tire previous section which 
showed that tire lllt>dl_lhis (measured under stress) of the 
polymer pigment composite was best modelled if there 
was no adhesion between pigment and binder. In this case, 
there will be no interaction between polymer and pign/ent, 
lit) change in glass transititm, aI/d the polymer will not 
solidify until the lower solvenl concentration of all unpig- 
nlellted, clear, film is reached. 

rising equation (4) to predicl the residual strain in pig- 
monied coatip.gs, while retaiiling the w.ihies of 0 s alld 0r 
obtained for :.in tillpiglrlenied coating gives the lower solid 
line in l"i<gurc 2, wllich gives excellent agreement with the 
experimental results. Essentially, the over-all residual strain 
o[ the coatiilg is decreased by the presence of pignieilt. 

l o r  tiffs particular coating fornlulation one is led t<~ 
believe the second explanation because of the agreement 
between theury and expcrinlent and ill the absenc:u of  
strain relieving dain~ go Io the coating. It seelllS that lifts 
is ci cast: ~>f udhcsive failure bclwcen pigmenl and pol} i'ner. 
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Although the rcidual strain is comparatively snlall in this 
tmmch of the data, it is still significant compared with tile 
breaking strum of even the clear c~mting {~ 155;) ~llltt must 
be regarded as detrhnental in practical usage. 

fhe explanation probably depends on the particular 
lornltll:.ltiOll. :\ l l ioi/g the factors thut should be taken into 
coilsidercilioi/are adhesiol~ to the substrate, adhesion be- 
tween pol}tner and piglnent, pignlent p:trtictc >;i/t_, al/d 
silape. 

( '()N(I+USIONS 

( 1 ) Residual strain measurenlents have been made on a 
I'MMA lacquer pigmented with titania. fhere  appears to 
be two regimes. One of  increasing strain with pigment 
ccmcentration in thick and highly pigmented ctmtings thai 
detach from the substrate: the second is of decreasing 
residual strain in thin, adhering coatings. Both types are 
modelled well by a theory that relates the residual strain 
to the difference between the solvent concentration pre- 
seat at solidificatioil and tl/at m the final "dry" coating. 
f l /e idea cenlral to this theory is that the solvent concen- 
tration present at the point when the coating solidifies is 
essentialh' the anlount of solvent necessary 1o depress the 
glass transitiun ~f the pigmented polymer tu ambient 
tempe rat a r e .  

(2) In thicker coatings, particularly at high pigment content,  
the residual internal strain is high and the adhesion between 
coating and substrate fails, i.e., tile coating spontaneously 
peels off. It is then free to shrink. The theory presented 
describes the observations well in this ease if the solidil'ica- 

F~guro 7 Surface of attacheJ pigmented coating (x67 optical 
microscope) showing Bdnard cells and some pigment agglomeration 
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tion point (glass transition) is allowed to change with pig- 
ment content. 
(3) For thinner coatings, at low pigment concentrations, 
(~<20%), the residual strain decreases slowly with piganent 
content but remains a large fraction of  the strain to break. 
In this case, there seems to be insufficient strain energy to 
promote adhesive failure with the substrate, instead the 
strain appears to cause the polymer-pigment bond to break. 
Consequently, the polymer solidifies as it does in a clear 
coating, unaffected by tile presence of  pigment. This pro- 
duces a lower level of  residual strain compared with the 
thicker coatings. Again this behaviour is modelled well 
by the theory. 
(4) Data are presented on the effect of  both pigment and 
solvent on the glass transition of the polymer. It appears 
that there is a constant difference in Tg, independent of 
solvent concentration between the pigmented and clear 
fihns for this system at least. 
(5) Equation 5, which relates the change in Tg with pig- 
ment concentration, used in conjunction with the theory 
predicting internal strain, equation 4, successfully extended 
the range of  the predictions, even in the presence of solvent. 
(6) The assumption that the width of  the glass transition 
(expressed in terms of  solvent content) is independent of  
pigment concentration appears to hold. 
(7) The effect of  the titania on the Tg of the PMMA was 
only a few degrees. Indeed, the presence of solvent seemed 
necessary to aid the interaction since compression mould- 
ing pigment into the polymer resin had no noticeable effect. 
(8) Stresses introduced in making the polymer-pigment 
composite may cause the bond between the two to fail and 
thus prevent interaction and a change in Tg. Further, for 
an interaction to occur between polymer and pigment one 
might expect that they should be compatible, expressed 
by their solubility parameters, for example. 
(9) The increase in modulus with pigment content was 
modelled well by a theory which assumes there is no inter- 

action between pigment particles and no adhesion between 
the pigment and matrix. 
(10) Measuring residual stress in coatings requires adhesion 
between coating and substrate in all cases, which means 
that considerable information about the coatings that de- 
tach, and thus the whole system, would not have been 
gathered, whereas, measuring the residual strain by shrink- 
age does embrace the whole spectrum of results. 
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