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INTRODUCTION 

D 
ue to rapidly changing environmental regulations 
~and ever decreasing product cycle times, the need 
for rapid, accurate measures of the long-term 

weathering performance of coatings is greater than ever. 
Historically, gathering long term weathering data has 
been, by definition, a time consuming endeavor. Currently, 
the only nearly guaranteed method of predicting 10-year 
durability is to expose a coating on the intended substrate 
for 10 years. South Florida has historically been chosen as 
the geographic location to expose paint panels due to both 
its high solar load and high level of humidity.  1 However,  
10 year life in Florida does not fully guarantee 10 years of 
performance around the world,  as climates harsher than 
Florida exist in various parts of the world, and even nomi- 
nally less harsh climates can subtly change the details of 
weathering mechanisms, such that one failure mecha 
nism may be accelerated more than others. While acceler- 
ated weathering tests overcome the drawback of lengthy 
exposure times, they introduce a new set of uncertainties 
related to acceleration factors and correlation with out 
door exposure, z 

Great progress has been made in the past 20 years witll 
respect to unders tanding the details of the weathering 
process itself. Most of this work has focused on the chemi- 
cal changes that take place in coatings during weather- 
ing. >5 For many  coatings these changes are primarily 
driven by photooxidation of the polymeric binder. This 
process begins when  ultraviolet light is absorbed by the 
coating and produces free radicals. 6 These radicals are 
then able to react wi th  the polymer and can propagate 
many  times before terminating. These reactions are, in 
general, deleterious to the coating and over time can lead 
to a degradation in performance. A variety of methods 
now exist to follow the details of the chemical changes 
that take place during weathering. 3 These methods allow 
for the rapid evaluation of coatings and enable coatings 
from different chemical families to be ranked against one 
another. These tests can determine the rate of degradation 
of the polymer and the consumption rates of various addi- 
tives (hindered amine light stabilizers, ultraviolet light 
absorbers, antioxidants, etc.) that can play an important  
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T h e  relationships betwee~ the fracture ener~! 
(Go), film thickness, stress level, and weatherhlg 
time were investigated for a number of automotive 
dearcoats. As weathering progressed, most clear- 
coats embrittled due to the combbwd effects q# 
photooxidation, hydrolysis, and other degradation 
mechanisms. This evd~ritttevwT~t was measured 
rout related to the chemical composition changes 
that take place in the clearcoat during weathering. 
Whe~ the fracture ener~! dropped below the driv- 
ing etwrgy for cracking, G, brittle cracking oc- 
curred. The driving force for crackh~g was shown 
to depev~d on stress level and film tlffcbwss. The 
importance of fatigue loading was also q~lita- 
tively b~vestigated. These techniques z~,ere suc- 
ces~dly used to anticipate the long-term weather- 
ing behavior of au tomotive clearcoats. 

role in tile long term weathering performance of the coat 
ing. Using microtomy or microscopic analysis techniques, 
the locus of degradat ion and its gradient through the 
coating thickness can often be determined. 7~s 

All of the chemical changes that take place during 
weathering can ultimately lead to the observable phenom- 
ena that a consumer can identify as a failure: gloss loss, 
color changes, yellowing, and the two most catastrophic 
failures: cracking and peeling. Weathering-induced chemi- 
cal composition changes lay at the heart of all of these 
failures, yet the final manner  in which these changes are 
manifest is an optical or mechanical failure. Of these fail 
ures, by far the more severe are the catastrophic failures of 
cracking and peeling. Whether the coating is architec- 
tural, automotive, or industrial maintenance, cracking and 
peeling failures usually necessitate repaint ing--a  costly 
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proposition. Thus, test methods that can directly antici- 
pate these types of long-term failures have the potential to 
increase the quality and value of coatings. In this paper 
we attempt to outline one approach to anticipating the 
long-term cracking behavior of coatings. 

Fraclure Mechanics 
To devise tests that are quantitatively related to crack- 

ing-type failures of materials, the concepts of fracture me- 
chanics must be ineroduced. For structural materials, frac- 
ture mechanics has been applied out of necessity as many 
technological breakthroughs have been dependent on 
higher strength materials, whose typical failure modes 
can be dominated by brittle cracking instead of ductile 
yielding? For most materials this brittleness is character- 
ized using linear elastic fracture mechanics ( ~ ) .  LEFM 
can be applied when the stresses and strains around 
cracks are governed by the elastic behavior of the material 
and the effects of plastic deformation are minor and con- 
fined to a small zone around any crack tip (see Figure 1). 
The equations governing crack growth in materials and 
structures obeying LEFM were originally derived by 
Griffith in the 1920s for the fracture of glass 7' His deriva- 
tion was based on surface energy considerations and the 
energy required to create two new air-glass interfaces 
when a crack propagated through glass. The energy re- 
quired to unstably propagate (not initiate) the crack is 
termed the fracture energy, G.  Higher fracture energies 
represent tougher or less brittle materials. G is a material 
property, not unlike strength or heat capacity. Its value 
will depend, like other material properties, on processing 
conditions and microstructure. Thus, for coatings, bake 
conditions, additive types and amounts, and outdoorex- 
posure time should have a dramatic impact on the frac- 
ture energy of a coating. 

For very brittle materials, the additional surface energy 
of the cracked member is a substantial fraction of the 
fracture energy. However, for most materials, itis a small 
and often insignificant fraction of the total fracture en- 
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ergy. In these cases, the energy needed to propagate a 
crack originates fromboth the anelastic and plastic defor- 
mation processes in the zone ahead of the propagating 
crack. As more energy is dissipa tedin the zone, more energy 
is required for crack propagation. In testing and in service, 
higher crack driving foro~ are supplied as the mechanical 
skresses on the material are increased. For viscoelastic mate- 
rials, such as polymeric coa~ngs, G can be highly depen- 
dent onboth the temperature and rate of tes~ng.aa 

To measure the fracture energy on structural materials, 
either metals, ceramics, or polymers, test specimens are 
fabricated and cracks of a known size are introduced into 
the specimen. The shape and size of the specimen and the 
manner in which the cracks are introduced is not an 
insignificant body of work} ~ After the specimens have 
been prepared, mechanicalloads are applied to the speci- 
mens to cause the cracks to propagate. During testing, the 
load and strain at which the cracks propagate is recorded. 
Because of the difficulty in accurately determining initial 
crack size, along with other test ambiguities, many speci- 
mens are often run to improve the statistical significance 
of the results. However, most fracture data carries with it 
an uncertainty on the order of 25%. 

While the fundamental principles governing crack 
propagation in coatings and in bulk materials are the 
same, some differences e,xist. These differences also exist 
for inorganic thin films used in the microelectronics in- 
dustry, in that the thin films are subjected to high stresses 
due to thermal cycling and lattice constant mismatches. 
Cracking or &lamination of the film can lead to loss of 
dielectric strength and component failure. For these rea- 
sons, the fracture mechanics specific to thin films on sub- 
strates were extensively investigated from the mid 1980s 
onward} TM For organic coatings, one of the most appeal- 
ing condusions to arise from this work was the possibility 
of measuring meaningful fracture energies on complete 
paint systems adhering to substrates without having to 
resort to free films. Thus, paint panels that have been 
exposed in Florida or in accelerated testing machines are 
viable sources of test specimens. This allows for the incor- 
peration of the effects of different substrates or underlying 
layers on the behavior of topcoats. A second advantage is 
that the details of the fracture mechanics eliminate the 
crack length as a variable. 

Fraclure of Coalings 
The brittle fracture of coatings strongly adhering to 

substrates is governed by the equation 

G- Za2h 
% (1) 

where F~ is the modulus divided by (l-v2), v is Poisson's 
ratio, and Z is a geometry constant} -~ Like bulk materials, 
a coating's fracture resistance is characterized by its criti- 
cal driving force (fracture energy, Go). When the driving 
force on a material exceeds the fracture energy (G_>Gr 
crack propagation will ensue. Equation (1) reveals a num- 
ber of hallmarks about the cracking process in coatings. 
First, there is a linear dependence on the coating thick- 
ness. Second, the driving force depends on the stress 
squared, which necessitates a good understanding of the 
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Figure 2--Four modes of  c rackp ropaga t i on  in L 
thin films on substrates (a) surface cracking. (b) 

F channel ing. (c) delaminat ion,  and(d)spal l ing.  
Each c rack  m o d e  has an associated Z factor  
shown. 

magnitude of these stresses. Third, the pattern of cracking, 
discernible through the Z term, can be anticipated. Fourth, 
the cracking has a threshold quality, that is, there will be 
little warning before catastrophic crack propagation. Each 
of these qualities will be examined. 

Perhaps the most  important  feature predicted by equa 
tion (1) is the catastrophic nature of cracking in coatings. 
Assuming the coating's mechanical properties are homo 
geneous, the coating will perform well with no signs of 
failure, until the critical driving force, Go is overcome. 
After that brittle crack propagat ion will occur. This is 
perhaps most evident in the weathering of coatings, where 
a coating can look very  good (high gloss, little color shift) 
for long periods of time until cracks appear  in only a very  
short t ime span. Thus, test panels can literally look good 
one day  and cracked the next. This is owing to the 
embri t t lement  of coatings that usually takes place during 
weathering.  Even if the stress is constant, when  Gc drops  
below the driving force, G, crack propagat ion will ensue. 

The Z term in equation (1) is a term that describes the 
pat tern of cracking. For linear elastic materials, which 
likely applies to most highly crosslinked coatings, the 
term ranges from 3.051 for surface cracking to 0.343 for 
spalling. Each of the types of cracking and their associ- 
ated Z factor are shown in Figure 2. is What  can be s imply 
deduced,  however ,  is that the simplest form of cracking, 
and the form likely to be first manifest, is that of surface 
cracking, where  a pat tern of fine unconnected cracks ap- 
pear. For automotive coatings these cracks maybe  referred 
to as stress cracks. These cracks will require the lowest  
stress to satisfy the critical condit ion for cracking (G>Ge) 
for the coating. As some stress is relieved by their propaga- 
tion, only when additional stress is applied (or when the 
coating further embrittles) will the cracks propagate and 
form a network of cracks, such as in channeling. Again, an 
automotive example may be that of microchecking, where 
the clearcoat whitens due to a very  fine pattern of cracks in 
the clearcoat. The same ideas apply to the delamination 
modes of failure shown in Figure 2. 

The effect of thickness is empirically known by  many. 
In fact, the testing standards for mandrel bend tests (crude 
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Figure 3--Relat ionship be tween film thickness 
a n d  app l ied  stress for coat ings o f  various frac- 
ture energies. G,:. Each curve represents a 
mater ia l  o f  a dif ferent i nd ica ted  fracture en- 
ergy. G, values are in J /m ~'. 

measures of coating brittleness) acknowledge this real- 
ity)4 However ,  equation (1) allows one to account for this 
variable. Coating thickness is plotted against stress in 
Figure 3. The curves shown are for coatings of different Gc 
values. Below and to the left of any given curve the coating 
will not crack; for example,  in Figure 3 the coating with a 
Gc-15 J / m  2 and a film build of 50 ~m, can sustain a stress 
of 12 MPa wi thout  cracking, but  will crack w h e n  the 
applied stress is over 12 MPa. Thus, if the coating thick 
hess is known,  and the stress to which a coating is sub 
jected is known or can be estimated, the allowable brittle- 
ness of the coating can be calculated. Conversely,  if a 
coating has already been formulated and chosen and its 
fracture energy is known, then a maximum safe film build 
can be calculated given the applied stress. 

For coatings, measuring the stress at any given time is a 
difficult task. Perera and coworkers  have made  the most  
comprehensive studies of stresses in coat ingsY -19 In sum- 
mary, the stresses come from three main sources: thermal 
expansion mismatch, humidity stresses due to mismatches 
in swelling between the coating and the substrate, and 
densification due to physical aging. Depending on  the 
system, one or another  of these stress sources may  domi  
hate.X~ For all of these sources, the stresses arise due to the 
constrained nature of coatings. A coating strongly adher-  
ing to a substrate will undergo  a stress if an environmen-  
tal condit ion is changed that effects the coating and sub 
strafe differently. For example, the biaxial stress, a, in a flat 
coating due to a change in temperature can be calculated by 

E~T(6~ - %. ) 
a :  (2) (l-u) 

where G is the modulus  of the coating, AT is the change in 
temperature,  and c~c and % are the thermal expansion 
coefficients of the coating and substrate, respectively, and 
u is Poisson's ratio of the coating. An equation of the same 
form will predict  the response to a change in moisture 
content of a coating-substrate system and the stresses due 
to a change in the density of the coating. For certain coat- 
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ing systems, the deformations the coatings are subjected 
to can be quite large. For example, architectural coatings 
for wood  must  be able to withstand large strains wi thout  
cracking as the wood  can expand significantly due  to 
moisture uptake. Upon  drying the paint must  not wrinkle 
or crack due to buckling stresses. 21 These coatings have 
very  low modul i  (and yield strength) and are capable of 
large elastic recoverable strains wi thout  cracking. For all 
coatings, the viscoelastic nature of the polymer  will result 
in the stresses being time and temperature dependent.  The 
stresses will often be highest right after a change in tempera 
ture or humidity and then relax away to a much smaller 
level. For noncrosslinked coatings these stresses may relax 
away to zero given enough time, but  for crosslii~ked coat 
ings below Tg some stress will always remain. 

A number  of other factors differentiate the fracture of 
thin coatings from that of bulk materials. In bulk materi  
als, care is taken to ensure that the specimen thickness is 
much greater than the plastic zone size, such that the vast 
majority of the test specimen is in the "plane strain" state. 
This ensures that the lower bound  on the fracture energy 
is measured.  For coatings, the size of the plastic zone can 
approach the coating thickness. This can be calculated 
from the modulus  and yield strength of the coating? For 
coatings with fracture energies on the order  of 100 J / m  2, 
the size of the plastic zone is on the order of a 50 Inm. Thus, 
coatings thinner than this would  seem tougher  due to 
increased plasticity occurring th roughout  the coating 
thickness. In principle this could be experimentally tested 
by measur ing the fracture energy of the same coating 
applied at different film builds. However,  because cure 
behavior varies with thickness, the results are not always 
unambiguous. For very  brittle coatings (Go ~15 J/m2), coat- 
ings as thin as a few microns thick can be reliably tested. 

For very  tough coatings, measured  Gc values will be 
greater than 1000 J / m  2. However ,  these high values indi 
cate a large degree of plasticity occurring ahead of the 
crack tip. Other methods  for measur ing the toughness of 
these films are likely to be more quanti tat ively correct, 
such as the me thod  of essential work  or J integral meth  
ods. ~2~ Both of these methods suffer from the same draw- 
backs: only free films can be used as test specimens and 
the initial crack length must  be known for each specimen. 

EXPERIMENTALTECHNIQUE 
For a coating strongly adhering to a substrate the fracture 
energy of the coating can be measured  in a straightfor- 
ward  manner.  Thin strips of the coat ing/metal  composite 
are cut using a hand  shear. Typical strips are 10 x 1 cm. 
The strips are then pulled in tension in a mechanical 
testing machine at 20 ram/min .  The strain at which cracks 
propagate  across the coating is recorded. Typically 8 10 
samples are tested for each material at a given amount  of 
weather ing time. This reduces the uncertainty on any 
fracture energy value to + 25%. The fracture energy is then 
calculated as 

G~ - ~cqzEf,~g(~t,t. 2 ) (3) 

where  h is the film thickness, a is the strain at cracking, 
Et-E/(1-v 2) (E is the modulus  of the coating, v is Poisson's 

ratio (typically taken to be near 0.35)), and g(r is a 
constant relating to the modulus  mismatch between the 
coating and the under ly ing  layer. ~4 For a coating on steel 
or a luminum g(~x,~) - 0.78,while for a clearcoat on top of a 
basecoat in a complete automotive paint  system g(r - 
1.26. This calculation assumes linear elasticity, that is 
a-Ea,  which is unlikely to be true for the ductile or moder  
ately ductile materials. To be rigorously correct the corre- 
sponding stress at cracking would  be determined from the 
actual stress strain curve of the coating and then substi 
tuted into equation (3) in place of the strain and modulus.  
We have previously termed the fracture energy based on  
that more rigorous method to be the true, or actual fracture 
energy, while that calculated assuming linear elasticity 
we have termed the apparent fracture energy. ~ We choose 
to concentrate on the apparent  fracture energy for two 
reasons. First, it is simpler to calculate requiring only a 
knowledge  of the modu lus  of the coating, which can be 
measured using dynamic mechanical testing or high speed 
tensile testing. Second, the true fracture energy discrimi- 
nates against coatings with low yield stresses as the stress 
dur ing  cracking is quite low, while the strain can be quite 
high. These low yield stress coatings perform well in the 
field, wi th  regards to cracking, bu t  would  possess low 
true fracture  energies.  Addi t iona l ly ,  as wea the r ing  
progresses, the amount  of anelastic deformation a coating 
undergoes  before fracture decreases. Thus, the difference 
be tween the true and apparent  fracture energy becomes 
negligible at long weather ing times. For the remainder  of 
this paper  the fracture energy will refer to the apparent  
fracture energy. Addit ional  details on the measurement  
technique can be found in other publications. ~x7 Equa 
tion (3) is strictly true only for the case of crack channel- 
ing, that is cracks propagat ing  across a coating and 
through its entire thickness. For isolated clearcoats on top 
of metal this hasbeen  observed to be true. It is also true in 
the majority of cases for clearcoats on top of basecoats in 
automot ive  paint  systems, where  the cracks propagate 
th rough  the thickness of the clearcoat and arrest at the 
base coat/clearc oat interfac e.X7 

Case Study: Automotive Basecoat/Clearcoat 
Paint Systems 

Beginning in the 1080s, most automotive manufactur  
ers switched from monocoat  paint systems to basecoat 
clearcoat systems. This switch was motivated by the de- 
sire for coatings with superior  initial appearance (gloss, 
DOI) and potential ly longer term appearance retention. 
Basecoat/clearcoat (BC/CC) systems provided such prop 
erties. However ,  in transitioning to BC/CC systems, the 
main mechanism of discerning the long-term weather ing 
behavior  of a paint system, gloss retention, was lost. BC/  
CC systems can remain very  glossy for long periods of 
time up to and after they have cracked. Most of these 
systems have sufficient mechanical propert ies  such that 
they will not crack early in their lifetime. However ,  be 
cause of their long potential  exposures  and their long- 
term appearance retention, other means have been de- 
vised to monitor  the long term weather ing behavior  of 
BC/CC paint systems. The most  successful techniques 
augment  appearance measurements  wi th  chemical com- 
position change rate measurements.  These techniques in 
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clude: FTIR spectroscopy of the coating as a function of 
weathering time, ~ UV light absorber longevity measure 
ments, 7 and hindered amine light stabilizer longevity mea- 
surements, s Thus, if the degradat ion rate of the coating 
can be measured, and the longevity and effectiveness of 
the two main weathering-active additives can be mea- 
sured, much of the risk of using BC/CC systems can be 
minimized. 

However, the underlying assumption in all chemical 
change rate measurements is that all coatings can tolerate 
the same amount  of chemical composition changes dur 
ing weathering before failing mechanically. This is un 
likely to be true. Because of the catastrophic nature of 
cracking, the amount  of chemical change necessary to 
"push  a clearcoat over the edge," that is, to decrease a 
clearcoat's fracture energy sufficiently such that the driv 
ing force for cracking now exceeds the clearcoat's fracture 
energy, is likely to be different for each clearcoat. Addi  
tionally, the rate of change of the fracture energy does not 
have to be in direct proportion to the rate of change of the 
chemical composition. 

We have made fracture energy measurements on a num 
bet of automotive BC/CC sys temsYAs stated earlier, for 
most of the systems the cracks propagate only in the 
clearcoat and arrest at the BC/CC interface. For some 
systems with very high measured fracture energies (as 
calculated using equation (3)), the cracks propagate all 
the way  to the e-coat /phosphate interface. The values of 
the fracture energy calculated for such coating systems is 
not rigorously correct and should only be used in a quali- 
tative manner. While of interest from a fundamental stand- 
point, these coatings systems are sufficiently tough that 
the cracking of the clearcoat is unexpected in the field. 
Many  of the coatings that display this tough cracking 
behavior initially will display brittle cracking in the 
clearcoat after some degree of weathering due to gradual 
embrittlement of the clearcoat9 After this embrittlement, 
their fracture energy can be measured quantitatively. 

The details of the embrittling mechanism are under  
stood in a general way for most clearcoats, but are poorly 
unders tood for specific formulations. As weathering 
progresses, UV light initiates photooxidat ion in the 
clearcoat. Much of the UV light is screened by UVAs in the 
clearcoat, but  the surface cannot be well protected, and as 
weathering progresses, the UVA can be depleted from the 
bulk of the clearcoat. As photooxidation progresses, free 
radicals will attack the clearcoat polymer causing crosslii& 
scission, chain breakage, and crosslink formation. The 
balance of these three reactions has much to do with the 
rate of embritt lement of the coating.~Additives,  in par 
ticular HALS, play an important  role in the balance of 
these reactions as well as the overall rate of weathering- 
induced chemical change. 31 Intuitively, if the crosslink 
density of a clearcoat increases dramatically during weath 
ering, the fracture energy would  be expected to decrease 
due to an increase in the yield strength and decrease in the 
mobility of the network. However,  crossl ink/chain scis 
sion can also embrittle a clearcoat due to the introduction 
of network defects into the clearcoat. These defects can 
ease crack propagation through the network. Thus, many 
clearcoats are probably at or near their maximum in t o u g h  
ness before weathering. The exception may be those 
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Figure 4--Initial fracture energy of  eight auto- ~._ 
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mo five c learc oats measured in complete pain t I systems, Extension rate was 20 mm/min. 

clearcoats that undergo significant ambient post-cure such 
as two component  polyurethanes or hybrid crosslinking 
systems. 

In Figure 4 the initial fracture energy of a number  of 
clearcoats in BC/CC systems is shown. A wide spectrum 
of fracture energy values is evident, with some so tough as 
to be only qualitative in nature (CC E) and others ap- 
proaching the fracture energy of glass (CC G). That such a 
wide range of fracture energies is displayed is surprising, 
as all of these coatings have been formulated to provide 
the same attributes: high gloss, good long-term weather- 
ing behavior, good scratch resistance, and good chip re 
sistance. The fracture energy undoubtedly  plays a role in 
all but the first of these properties. Thus, it is likely that 
optimizing the mechanical performance of these coating 
systems is not well unders tood nor is it of the highest 
importance. These mechanical properties must, of course, 
be counterweighed against other equally important prop- 
erties such as application ease, appearance, and cost where 
the sensitivity to formulation variables is historically more 
easily understood. 

As weathering progresses all the clearcoats embrittle. 
The change in the fracture energy of three of the clearcoats 
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as a function of accelerated weathering time is shown in 
Figure 5. Clearcoats B and D start with reasonably high 
fracture energies; however, clearcoat B's fracture energy 
quickly decreases. Test panels with these coatings failed 
by microchecking after only three years in Florida while 
test panels with dearcoat D remain uncracked after more 
than eight years in Florida. Clearcoat G is quite brittle to 
begin with and embrittles more quic "ldy. Test panels with 
these clearcoats failed by cracking in Florida in less than 
two years. Thus, at long exposure times, a clearcoat whose 
fracture energy decreases to a very low value poses a 
substantial risk for cracking during extended exposure. 
Those clearcoats whose fracture energy has plateaued or 
is decreasing slowly pose a much lower risk of cracking 
failures. 

As previously mentioned, changes in the fracture en- 
ergy cannot always be inferred by weathering-induced 
changes in the chemical composition of the clearcoats. 
This is demonstrated in Figure 6, where the change in the 
fracture energy of two clearcoats is plotted against the 

change in the chemical composition. The chemical com- 
position change is quantified by a photoacoustic infrared 
(PAS-IR) spectroscopy measurement of the accumulation 
of photooxidation products. This metric has been termed 
the -OH, -NH over -CH method and appears to be a 
generic measure of the progress of photooxidation in a 
clearcoat, s2,ss Both of the clearcoats in Figure 6 started 
with approximately the same fracture energy before weath- 
ering. The test panels were then weathered and their 
fracture energy values recorded as a function of weather- 
ing time as were their PAS-IR spectra. The changes in 
each are then plotted against one another to show the 
mechanical tolerance of the dearcoats to chemical change. 
Clearcoat J photooxidizes readily, as demonstrated by 
the length of the curve along the x-axis. However,  its 
fracture energy changes only by 200 J / m  e. Clearcoat B 
undergoes a large change in its fracture energy with only 
65% of the chemical composilion change of ctearcoat J. 
Clearcoat J is tolerant of chemical composition changes, 
clearcoatB is not. 

Knowledge of the changes in the fracture energy alone 
allows for a ranking of coatings based on an intrinsic 
material property. However, the cons~'uction of failure 
envelopes based on equation (1)requires a knowledge of 
the film thickness and the stresses the clearcoat will en- 
counter during service. For automotive paint systems, 
clearcoats are typically applied at approximately 50 pm 
thickness. However, repairs, either in-plant orin the field, 
can add to the total film thickness above the metal and 
increase the driving force substantially. 

The stresses an automotive paint systemsustains dur- 
ing its lifetime are difficult to measure, due to the ever- 
changing environment an automobile experiences and 
due to the long lifetime of vehicles. One approach is to 
make short-term measurements of the stresses and build 
in a margin of safety. Another approach is to measure the 
fundamental coefficients and constants that govern the 
hygrothermal and physical aging characteristics of the 
clearcoat as a function of tLme and then model the long- 
term behavior of the system. We have previously reported 
on these measurements and modeting.2':'In summary, the 
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Anticipating Paint Cracking 

stresses after weathering are highest in the clearcoat and 
primer layers due to weathering and high levels of filler 
respectively. Stresses in the clearcoat are mostly due to 
densification and thermal expansion mismatch. Peak 
stresses approaching 15 MPa are likely to occur in the 
clearcoat after long weathering times. 

An important  characteristic of the stresses in these 
paint systems is their cyclic (fatigue) nature. The thermal 
and humid i ty  stresses will track the environmental  con- 
ditions. Thus, in a sunny climate (Florida) the thermal 
stresses will be in phase with the diurnal cycle and will 
undergo one loading and unloading cycle each day. The 
same is true with humidity-induced stresses, which should 
track the dew point  closely. The response of these 
clearcoats to cyclic stresses should be no different than 
the response of other materials to cyclic stresses; that is, 
most  materials will fail at lower stress levels under  fa- 
tigue loading than under  monotonic loading. 9 Highly 
crosslinked structural adhesives, whose crosslink den- 
sity is similar to most clearcoats, display this type of 
behavior. 34 

The cyclic nature of the stresses imposed upon a mate- 
rial dur ing fatigue can be represented by the difference 
between the min imum and maximum stress during each 
cycle (ka). Because stresses can be related to driving ener- 
gies for cracking, these cyclic stresses can easilybe refor- 
mulated in terms of AG. The general fatigue behavior of 
most materials is shown in Figure 7, where the change in 
the driving energy (AG) is plotted against the crack growth 
rate. The crack growth rate is the length a crack will 
advance during one loading and unloading cycle. At low 
AG levels, the crack growth rate is small and goes to zero 
at some non-zero value of the AG. This is termed the 
threshold level. Thus, an infinite number  of cycles could 
be imposed on a material wi thout  a crack propagating. At 
the other extreme, as driving energy increases, the rate of 
crack growth increases dramatically and asymptotically 
approaches an infinite value. This behavior at high driv 
ing energies is akin to a single cycle of stress applied 
when  measuring the static fracture energy, Go Thus, pre- 
dicting coating performance under  fatigue loading by 
measuring the fracture energy under  monotonic loading 
is a simplification of real world  performance. In the ab- 
sence of true fatigue crack growth data on coatings of 
interest, this oversimplification must  be accepted in the 
short term. 

Once the stress levels, material properties, and pro 
cessing parameters are known,  reasonable failure enve 
lopes and design criteria can be established. The material 
properties and stress levels must,  however, be known as 
a function of time, as initial properties and stresses are 
usually the most favorable. For automotive BC/CC sys 
tems with a typical clearcoat thickness of 50 btm, and a 
long term stress maximum near 15 MPa the fracture en 
ergy of the clearcoat must  stay above N30 J / m  2 for the 
anticipated lifetime of the coating (Figure 8). Clearcoats 
whose fracture energy stays above this level have per- 
formed well on panels exposed for many  years in South 
Florida. Safety factors of course must  be built in to ac 
count for rare thermal shock events, high film builds, 
fatigue, and 99th percentile customers who  may  take 
their vehicles to extreme climates where weathering and 
environmental changes may  be more severe. 

CONCLUSIONS 
The application of fracture mechanics to coatings strongly 
adhering to substrates can be successfully used to antici 
pate the long-term weathering behavior of coatings. In 
particular, by measuring the fracture energy of the clearcoat 
in a complete paint system as a function of weathering 
time and estimating the maximum stresses produced, one 
can construct failure envelopes and formulate design 
guidelines to minimize the risk of long term cracking in 
coatings. These techniques, along with detailed measure 
ments of chemical composition changes, additive longev- 
ity and effectiveness, and the use of rational weathering 
conditions can dramatically reduce the risk of long term 
in service cracking failures. Advances in nonlinear frac 
ture mechanics may  allow similar types of analysis for 
more ductile coatings in the future. 
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