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5 5 
Chemicall  characterization of the bulk coating 

andd the metal/coating interface 

Abstract Abstract 
Selectedd coatings were analyzed for bulk characteristics by various 

chemicall  techniques, including Fourier-transform infrared spectroscopy and 
pyrolysiss gas chromatography/mass spectroscopy (Py-GC/MS). In addition, 
reflection-absorptionn infrared spectroscopy and attenuated total reflection 
spectroscopyy were used to investigate the interfacial regions formed by selected 
coatingss on different substrates, including glass, rolled copper, and rolled and 
polishedd bronze substrates. Interfacial regions were investigated before and after 
acceleratedd weathering where possible. These results are compared to infrared 
spectraa and Py-GC/MS data of the bulk polymers. In the context of observations 
aboutt coating behavior on bronze and copper substrates made in Phases I and II of 
thee research, these results provide insight into reactions at the metal/coating 
interfaces,, as well as rationale for some performance characteristics of the 
coatings. . 

5.7.. Introduction 
Physicall  evaluation of weathered coatings on bronze and copper roof 

sampless in Phases I and II did not show dominant trends that correlate overall 
performancee and any one property such as thickness or adhesion. As discussed in 
Chapterss 2 and 3, these results point to coating performance being contingent on a 
complexx play of interdependent factors, including coating thickness, coating 
quality,, adhesion, and inherent coating qualities such as water and oxygen 
permeability,, flexibility,  effect of additives, and chemical stability. An important 
avenuee of investigation into coating failure is chemical characterization of the 
metal/coatingg interface, combined with comparative analysis of the bulk coating. 

Studiess of polymer/metal systems have shown that at the metal surface, 
interfaciall  regions that have different chemical compositions and properties than 
thee bulk polymer are often formed [1,2]. The chemistry of these interfaces has 
profoundd effect upon coating bond strength and durability, either positively or 
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negativelyy [3]. Infrared reflection techniques, including reflection-absorption 
infraredd spectroscopy (RAIR) and attenuated total reflection spectroscopy (ATR). 
havee been used by researchers such as Chan and Allara [4] to chemically 
distinguishh metal/coating interfaces from the bulk of a coating. In both RAIR and 
ATR.. detection may be limited to several microns or less of the surface under 
appropriatee conditions. In the case of RAIR (Figure 1). reflection is external, at a 
glancingg angle, through thin polymer films on metal (<1000 A). RAIR offers the 
advantagee of providing information about an intact interface. In the case of ATR 
(Figuree 2), reflection is internal through a crystal pressed against a polymer film 
thatt has been separated from the substrate. Although the actual interface is 
disturbedd in this technique, ATR of delaminated coatings from metal allows direct 
examinationn of the polymer side of the interface. 
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Figur ee 1 Optical scheme of reflection-absorption infrared spectroscopy (RAIR) 
(ii/,(ii/,  //_>, and n< are refractive indexes). 
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Figur ee 2 Optical scheme of attenuated total reflection spectroscopy (ATR) (n/, and n:, are 
refractiverefractive indexes). 
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Inn order to increase our understanding of the complex chemical interactions 
betweenn individual coatings and substrates, selected coating/metal interfaces from 
thee model samples were analyzed by ATR and, in some cases, RAIR. Results of 
spectroscopicc analyses are presented here for Incralac, three solvent-borne acrylic 
urethanes,, two waterbome acrylic urethanes, and a wax coating. Limited 
discussionn of B-48 and the Nikolas acrylic coating is also included. Results are 
discussedd in light of analysis of the bulk coating and observations on coating 
performance. . 

5.2.5.2. Experimental methods 

5.2.1.5.2.1. Sample preparation 

Selectt samples for interfacial analysis were prepared in Phase I; these 
sampless are described fully in Chapter 2. For comparative chemical analyses, 
sampless of the coatings were also applied onto glass microscope slides, aluminized 
mirrorr slides, rolled copper (99.99% Cu), and rolled bronze coupons. The 
aluminizedd mirror slides were purchased from Aldrich. The rolled bronze, 
purchasedd as sheet from Lubaloy Co., was spring-tempered, 425 bronze, 0.016 
gauge,, with an alloy composition of 88.5% Cu, 9.5% Zn, 2.0% Sn. Rolled copper 
andd rolled bronze were polished with a series of Micro-mesh cloths from either 
24000 or 6000, to 12000 mesh. The polished samples were solvent cleaned by 
wipingg and rinsing with alternating polar and non-polar solvents until they passed 
thee water drop break test [5], rinsed thoroughly with ethanol, and air-dried. 
Mirrors,, glass, and copper substrates were about 1 x 3 inches, and rolled bronze 
couponss were roughly 3 x5 inches. Coatings were applied onto the rolled bronze 
withh a 2 mil (51 um) draw-down bar during Phase II. 

Sampless designated as "weathered" in this chapter underwent accelerated 
weatheringg as conducted in Phase I or II. Experimental details of the Phase I 
automotive-typee accelerated weathering program are found in Chapter 2. RAIR 
analysiss of a model sample of Incralac on rolled copper also entailed accelerated 
weathering,, which in this case consisted of immersion in the acid rain solution, 
alternatedd with humidity and temperature cycling. Accelerated weathering of 
coatingss on glass and rolled copper was conducted alongside Phase I samples, and 
weatheringg of additional coatings on glass, aluminized mirror slides and rolled 
bronzee coupons was conducted alongside Phase II samples and is described in 
Chapterr 3; these samples weathered more quickly, and were removed after 46 days 
duee to their advanced deterioration at this stage. 

5.2.2.5.2.2. Bulk chemical analysis 

Variouss techniques of Fourier-transform infrared spectroscopy (FTIR) were 
usedd to characterize bulk coatings with and without exposure to accelerated 
weathering.. These primarily included microtransmission with a diamond cell 
accessory,, and specular reflectance from aluminized mirrors or rolled bronze using 
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aa Harrick fixed angle specular attachment, with 64 scans per spectrum. All FTIR 
spectraa were collected in absorbance at a resolution of 4 cm"1 with a Bio-rad FTS-
60AA equipped with a UMA300A microscope, and normalized to appropriate bands 
forr direct comparison of concentration of various functional groups, according to 
thee Beer-Lambert Law, where absorbance is directly proportional to concentration. 

Thee bulk coatings were also analyzed by pyrolyis-gas 
chromatography/masss spectrometry (Py-GC/MS) using a CDS 2000 Pyroprobe 
mountedd directly onto the injector of a Varian 3500 capillary gas chromatograph 
equippedd with a RTX-1 column (32mm ID, 30 m, 0.25 pm film thickness) and 
interfacedd to a Finnigan 800 Ion Trap Detector (ITD). Pyrolysis was carried out at 
6000 °C for 10 sec; the Py-GC interface was held at 300 °C; the GC oven was 
programmedd with an initial temperature of 40 °C (held for 5 min.) and increased to 
300°CC (held for 10 min.) at a rate of 8 °C/min. The column was interfaced directly 
too the ITD; the transfer line was at 250°C. The scan range was 35-550 amu, scan 
timee one sec, and data analysis was with Finnigan ITD 4.10. The split/splitless 
injectorr was at 300 °C in the split mode, with a split ration of about 100:1; the 
carrierr gas was helium. 

Removabilityy tests were conducted according to a standard protocol [6], 
usingg varying mixtures of cyclohexane and toluene. Approximate solubility of the 
filmfilm  was determined under magnification as the point at which the coating began to 
adheree to several cotton fibers that were gently trailed across a film surface. 
Becausee Incralac is highly soluble in toluene, the starting solvent for this test was 4 
mll  of cyclohexane, and toluene was added in 0.1 ml increments up to 4 ml or until 
solubilityy was detected. A topcoat of wax, where present, was first removed from 
thee test spot with cyclohexane. The solvent mixture at which dissolution of the 
coatingg was first visible was reported in terms of percent toluene. 

Att a later date, gel content was analyzed in several coating or resin films. 
Smalll  samples were dissolved in toluene, mixed for 24 hours on a laboratory 
shaker,, and injected through 0.45 p Gelman syringe filters. The amount of 
insolublee material present was determined gravimetrically from the injection 
volumee and weights of the sample, solution, and filter before and after filtration. 
Thee sample vial and syringe were also washed with solvent, which was passed 
throughh Whatman #40 filter paper or the Gelman filter in order to trap undissolved 
residue.. The Gelman filters were preconditioned before use by injection with 
solvent,, air dried, and oven dried for several hours at 34 °C. After filtration, the 
filtersfilters were again air-dried, oven-dried, and conditioned in a controlled 
temperaturee and humidity room. Filter weights were determined on a Mettler 
H51ARR balance. 

HPLCC analysis was conducted with a Waters 2695 Separation Module, 
Waterss 2996 Photodiode Array Detector from 210-400 nm, and an Xterra® RP18 
3.55 pm, 4.6 x 50 mm column on line; the flow rate was 1.0 ml/min. The HPLC 
gradientt eluent consisted of 1 min. hold (a 90% H2O/10% methanol, 3 min. ramp 
too 100% methanol, 2 min. hold % 100% methanol, and 10 sec. drop back to 90% 
H200 /10% methanol. Samples were dissolved in THF or methanol mixtures, and 
weree injected in 5 or 10 pi aliquots by an autosampler. All solvents were HPLC-
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grade;; THF was also stabilized. The BTA reference had a purity of 99%. Data 
wass processed by Empower software. 

5.2.3.5.2.3. Interfacial analysis 

Forr investigation of polymer interfaces, RAIR and ATR were used. RAIR 
wass performed using a Harrick Versatile Reflection Attachment for center-focused 
beamm fitted with a Retro-Mirror Accessory and a wire-grid polarizer set for parallel 
beamm polarization. The angle of incidence was 78° or 85°, and 1024 scans were 
collectedd for good resolution. For ATR, coatings were delaminated from metal 
substratess by immersion in liquid nitrogen, or simply peeled off when possible 
afterr accelerated weathering. Coatings on rolled bronze coupons were in many 
casess easily peeled off a curled strip of coated metal that was created by cutting 
withh a metal snip. 

ATRR spectroscopy was performed with a Harrick 4x beam condenser fitted 
withh a delrin holder for SPP crystals with faces measuring 10 x 5 x 1 mm. The 
IREE crystals were KRS-5 45°, KRS-5 60°, and Ge 45°. Calculated sampling 
depthss of the evanescent wave for these crystals were, respectively, 2.92, 1.56, and 
1.533 um. Depth of penetration, dp, was calculated as follows: 

dp=Xi/{27r[sin2a-(n2/n,)2] l/2} , , 

wheree a is the angle of incidence, X\ the wavelength of radiation in the optically 
denserr medium, and ni and n2 are the refractive indexes [7]. For samples that were 
smallerr than the crystals, exposed areas were masked with aluminum foil. ATR 
spectraa were collected with 1024 scans and corrected for wavelength dependency 
usingg the "atrcorr.ab" function in the Grams 32 or Win-IR software. 
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5.3.5.3. Results and Discussion 
Chemicall  investigation of the coatings was conducted throughout Phases I 

andd II of the research project; specific results are presented below. 

5.3.1.5.3.1. Acrylics 

5.3.1.1.5.3.1.1. Incralac 

Thee most widely used polymer coating in the field of outdoor bronze 
conservationn is Incralac. According to the manufacturer, it is formulated from 
Paraloidd B-44*, a methyl methacrylate (MMA) copolymer, and includes 
benzotriazolee (BTA), silicone oil, and an unspecified UV absorber [8], Py-GC/MS 
analysiss of Incralac showed that the major depolymerization product after 
pyrolysiss is MMA, as is expected for this polymer. There were also two smaller 
fractions,, identified as ethyl acrylate (EA) and ethyl methacrylate (EMA). Both of 
thesee fractions were also identified in Py-GC/MS of a sample of B-44 resin, 
indicatingg the resin and coating are copolymers principally of these three units. In 
addition,, a very small fraction of butyl methacrylate (BMA) was identified in 
Incralac,, but was not found in B-44. These results differ slightly from Chiantore 
andd Lazzari, who estimated the copolymer composition of B-44 resin to be about 
1%% BMA, 28% EA, and 70.3% MMA (mol %) [9]. While the two sets of results 
aree not in strict conflict, they lend some credence to occasional speculation by 
conservatorss that batch differences may exist in Incralac [10]. 

Thee presence of BTA in Incralac was confirmed by HPLC. As shown in 
Figuree 3, the HPLC chromatogram of BTA shows a single, strong peak at 3.12-
3.144 minutes in the gradient elution. This peak has a distinct UV spectrum, with a 
maximumm at 255.1 nm in THF or 259.9 nm in methanol (as shown), in agreement 
withh the literature [11]. HPLC chromatograms of Incralac from films on glass, 
whichh were either fresh, stored in the laboratory, or weathered and stored in the 
laboratory,, all eluted a peak due to BTA. It was noted that BTA was more difficult 
too detect in weathered Incralac by this method. Results confirm a difference in the 
ratioss of peak area of BTA to the total area of several unidentified peaks attributed 
too the coating at 3.650, 4.146, and 4.604 minutes. In the fresh Incralac film, this 
ratioo was calculated as 1:6, and in the aged Incralac film, the ratio was 1:4. This 
impliess some loss of BTA from the coating during weathering. 

Bulkk unweathered Incralac coatings on glass, aluminized mirrors, and 
polished,, rolled bronze and copper were examined by FTIR microtransmission and 
specularr reflectance. The various spectra correlated well to each other and to 
publishedd spectra [12]. A representative spectrum of the bulk unweathered film is 
shownn in Figure 4a. The spectrum is dominated by the ester carbonyl stretching 
vibrationn centered near 1738 cm ' in specular reflectance. The profile of this peak 
includess a very weak shoulder near 1686 cm', which is also apparent in published 

**  All Paraloid resins were formerly sold under the name of Acryloid resins in the United 
Statess by Rohm and Haas, Inc. 
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referencee spectra [12] and indicates the presence of monomer. The prominent 
peakss near 1235 and 1145 cm"1 may be assigned to ester CO stretching vibrations 
[7,9].. After weathering, no changes were detected in FTIR spectra of the bulk 
films. . 
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Figuree 3 HPLC chromatograms (above) extracted at 254 nm for A) Incralac in TUF, B) 
weatheredweathered Incralac in THF/methanol, C) BTA in methanol, and D) THF, shown with UV 
spectraspectra (below) of peak eluted at 3.14 minutes from BTA in methanol (left) and Incralac in 
THFTHF (right). 
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Figuree 4 FTIR spectra of unweathered Incralac: A) bulk film on rolled bronze, specular 
reflectance,reflectance, and B) surface of free cast on glass. ATR (KRS-5 45°). Spectra are 
normalizednormalized to CI I stretch bands near 2950 cm'. 

5.3.1.1.1.5.3.1.1.1. The metal/coating interface 

ATRR spectroscopy was used to compare weathered and unweathered 
interfaciall  surfaces of Incralac delaminatcd from glass, copper, rolled bronze, and 
castt bronze. Figure 4b shows the ATR spectrum of unweathered Incralac from the 
coating/glasss interface. Note that ATR spectra of Incralac generally showed a shift 
inn the carbonyl position to about 1728 cm'1, as well as slight differences in relative 
peakk intensities toward either end of the spectrum. These differences may be 
attributedd to artifacts of the techniques and the ATR correction function, and were 
nott included in spectral interpretations. Otherwise, the ATR spectra of Incralac 
correspondedd well to transmission and specular reflectance spectra. 

Whilee changes were not detected in the spectra of glass or air interfaces 
afterr weathering, slight changes were revealed in spectra of the weathered polymer 
interfacess delaminated from bronze. Figure 5 shows details of several ATR spectra 
(KRS-55 45°) of thin and thick films of Incralac, with and without weathering, 
comparedd to the film on glass in Figure 4b. A spectrum of the thin Incralac film on 
castt bronze after weathering, taken with a KRS-5 60° IRE for less depth of 
penetrationn into the interfacial region, i.e.. 1.56 urn vs. 2.92 urn, is also shown. 
Spectraa are normalized to the CH stretch bands near 2950 cm"1 for direct 
comparison. . 
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Figuree 5 Detail of ATR spectra (KRS-5 45°) of Incralac: A) free film, no weathering 
(wide(wide solid line); B) coating on rolled bronze, no weathering, C) #8a, thick coating on cast 
bronze,bronze, no weathering; C) U8b, thick coating on cast bronze, weathered; D) #lb coating 
onon cast bronze, weathered; and E) (KRS-5 60°) #lb coating on cast bronze, weathered. 
SpectraSpectra are normalized to CI I stretch bands near 2956 cm' (not shown). 

Closee inspection of the carbonyl regions in these spectra illustrates that 
subtle,, consistent differences exist in the relative size and shape of the peak 
shoulder,, depending on the substrate and aging conditions. The ATR spectrum of 
thee coating/ glass interface (wide solid line) shows a very small, weak shoulder 
nearr 1686 cm"1, as noted in the bulk film. Increased absorbance is observed here in 
spectraa of polymer interfaces from either unweathered rolled bronze, a thick 
Incralacc coating on bronze (Phase I, #8) before weathering, or the latter after 
weathering.. These results suggest that relatively more unsaturated species, such as 
monomer,, and possibly limited amounts of carboxylic acids, are trapped near or 
migratee to the bronze surfaces in cast and sprayed coatings. It is not clear whether 
thiss also indicates some type of limited interaction between the polymer and the 
metall  surface, as might be expected with carboxylic acids. 

Resultss are unambiguous, however, in two respects: 1) the species 
absorbingg in this region of ATR spectra from a thick coating on bronze were littl e 
affectedd by the weathering regime, and 2) marked change occurred in this region in 
aa weathered, thin Incralac coating on cast bronze (Phase I. #lb). ATR spectra from 
interfacess of the thin Incralac on bronze (Figures 5d and 5e) show the development 
off  a markedly higher and broader shoulder on the carbonyl band, especially from 
aboutt 1660-1600 cm'1. This points on the one hand to limited degradation through 
scissionn reactions, resulting in increased amounts of unsaturated and conjugated 
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species.. This agrees with Chiantore et al., who reported various degrees of 
broadeningg of the carbonyl band near 1638-1640 cm"1, which were associated with 
chainn scission reactions during thermal and photo-oxidative aging of different 
acrylicc resins [20]. 

Onn the other hand, the observed carbonyl broadening in Figures 5d and e is 
alsoo consistent with the formation of copper carboxylate salts at the metal 
interface.. Chan and Allara, among others, have attributed growth near 1640, 1600 
andd 1430 cm" in RAIR spectra of oxidizing hydrocarbon polymers in contact with 
copperr surfaces to carboxylate salt formation and its subsequent catalysis of 
degradationn reactions [4]. Copper ions and many copper salts are well known to 
actt as catalysts in degradation reactions [13,14,15]. Results thus provide evidence 
thatt the metal/coating interface in bronze/Incralac systems serves as an important 
sitee for the initiation of degradation. This effect is apparently delayed in thicker 
coatings. . 

RAIRR was used to extract further information about the intact coating/metal 
interfacee of a thin film of Incralac on polished, rolled copper, which was subjected 
too an acid rain immersion/ humidity cycling weathering regime. RAIR spectra 
weree taken at different points during weathering, and are shown in Figure 6. 

copper r 
hydroxy y 
chloride e 

Cu,0 0 

3500 0 25000 2000 1500 
Wavenumberr (cm-1) 

Figur ee 6: RAIR spectra of very thin film of Incralac on rolled copper with simulated 
acceleratedaccelerated weathering for: A) 0 days, B) 4 days, C) 7 days, and D) 13 days. Spectra are 
normalizednormalized to CI I hands near 2956 cm'. 
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Resultss clearly illustrate the development of copper corrosion minerals 
beneathh the intact polymer film. Reading up the figure, we see the progressive 
increasee of peaks near 645 cm'1, arising from cuprous oxide, and near 3449, 3358, 
andd between 800 and 1000 cm"1, indicating the formation of copper hydroxy 
chloridee salts. Appearance of a shoulder near 1100 cm"1 in Figure 6d suggests the 
beginningss of a copper hydroxy sulfate, although this may also be part of a general 
broadeningg in this region due to oxidation. Unfortunately, atmospheric moisture at 
thiss level of absorbance could not be eliminated, and interfered with a reading of 
thee carbonyl region. Still, the RAIR spectrum of the polymer appears littl e 
changed,, with the exception of evidence for hydroxyl species from about 3600-
25000 cm"1. This may be associated with the corrosion minerals on the metal 
surface,, as well as carboxylic acids on the polymer surface. What these spectra 
bestt illustrate is how corrosion may displace the coating at the metal interface 
duringg weathering. This will inevitably cause de-adhesion of Incralac to the metal 
surface. . 

Importantt information about the Incralac coating/metal interface with 
respectt to BTA was further obtained by RAIR. The function of BTA as a coating 
ingredientt has been the subject of much speculation over the years. In particular, 
theree has been debate about whether BTA functions primarily as a UV absorber or 
aa corrosion inhibitor. Chapter 6 contains a detailed discussion of this experiment, 
whichh showed that copper-BTA (CuBTA) remains on the copper alloy surface 
afterr removal of an Incralac coating. To summarize, after immersing the coupon in 
Incralacc for 2 minutes, followed by solvent rinsing of the deposited film, RAIR 
clearlyy revealed the presence of the insoluble CuBTA complex. 

Sincee the absorption bands due to CuBTA (or BTA) are normally swamped 
outt in spectra of Incralac, RAIR is used here to ascertain that application of 
Incralacc to copper, and by straightforward assumption to bronze, deposits a 
corrosion-inhibitingg film at the metal/coating interface. Most of the commercial 
coatingss tested in this study purported to have BTA as an ingredient, and this was 
confirmedd for Incralac and the Nikolas coatings. It can therefore be assumed that a 
CuBTAA film forms at the metal/coating interfaces on copper alloys during 
applicationn of other coatings as well. 

Inn this light, results shown in Figure 6 also verify that the CuBTA film did 
nott inhibit corrosion effectively under this set of experimental conditions. It 
shouldd also be noted that no difference was detected in ATR spectra of various 
coatingss from metal substrates that had been pretreated with BTA, compared to 
spectraa of coatings without the BTA pretreatment. It may be speculated that the 
existencee of a thin CuBTA film between the metal and the coating serves to offset 
thee increased likelihood of oxidation initiation at the metal interface for both the 
metall  and the coating to some degree, but only in a very limited capacity. The role 
off  BTA on copper alloys is further discussed in Chapter 6. 
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5.3.1.1.2.5.3.1.1.2. Solubility 

Removabilityy tests, as described in the Experimental section, give an 
indicationn of the solubility of the major fraction in an organic film. Removability 
off  a coating may not change appreciably until a fair amount of chemical change 
hass taken place. Removability testing of Incralac indicated that 11-13% toluene in 
aa toluene/cyclohexane mixture was necessary to remove the Incralac from all of 
thee bronze or copper samples, either before or after accelerated weathering. In 
otherr words, no significant increase in the polarity of the solvent necessary for 
coatingg removal occurred in any of the cases. These results concur with a thermal 
agingg study by Lazzari and Chiantore [16], who reported that B-44 resin remained 
completelyy soluble (in chloroform) after isothermal aging at 110 and 135 °C for up 
too 200 hours. These authors found that during thermal degradation, polymer 
fragmentationn competes with crosslinking reactions, and the former prevails. 

Itt is relevant to this discussion that the films weathered on glass and copper 
alloyss were fairly brittle and could only be removed in small fragments for ATR 
sampling.. The fragments themselves were quite tough, and could not be 
compressedd in a diamond cell to an appropriate film thickness for 
microtransmission.. In addition, the unweathered film on glass could not be 
removedd as a coherent film, only scraped. Thus, despite continued solubility, 
physicall  changes in Incralac coatings after weathering were apparent. 

Afterr several years of storage, some sample films were subjected to HPLC 
analysis,, at which time they were also observed to have become extremely brittle 
andd have poor solubility in both THF and toluene. Therefore, gel content was 
quantitativelyy determined by filtration of toluene solutions of several storage-aged 
filmsfilms remaining from Phase I, using 0.45 u filters (as described in the 
Experimentall  section). Results are shown in Figure 7. The films included: 
unweatheredd B-44 and B-48 on glass slides, Incralac on cast bronze (Phase I, 
samplee #1), and weathered B-48 and Incralac on glass slides. Among these 
samples,, the unweathered films were clear and firmly adhered to the substrates. 
Thee Incralac-coated bronze appeared shiny and unchanged; the average film 
thicknesss of this sample (as reported in Chapter 2) was 0.68 mils (17.27 u). The 
weatheredd B-48 film (2.7 mils, 68.58 u) appeared clear and somewhat brittle; it 
retainedd cohesion and was lifting off the glass. The weathered Incralac film (0.60 
mils,, 15.24 \x) appeared slightly yellowed, and could only be scraped off in small 
shards. . 

Resultss indicate that both Incralac and B-48 are susceptible to gel formation 
duringg the combination of simulated, accelerated weathering and subsequent, 
extendedd storage; presumably this arose from chemical crosslinking. Noticeable 
pressuree during filtration of the aged film/toluene solutions confirmed this result. 
Noo pressure was apparent during filtration of the other solutions. The relative 
differencee in solubility between the weathered and unweathered films appears 
significant.. In addition, the slightly higher amount of insoluble material detected 
inn the toluene solution of Incralac on cast bronze may support the contention that 
Incralacc has an increased tendency to undergo degradative chemical change in 
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contactt with copper alloy substrates, 
significant,, however. 

Thiss difference may not be statistically 
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Figur ee 7 Gel content (weight percent) in various coatings or resins in toluene solutions. 

Thee development of chemical changes on a micro-scale, followed by stress 
build-upp in the coating during weathering, may have only minor effect on the 
solubilityy or removability of a coating. Insoluble gel at the level of 10 % does not 
renderr the test samples completely insoluble. However, these results reinforce one 
reportt of crosslinking in the literature [17], as well as scattered reports in the field 
thatt Incralac often becomes brittle and difficult to remove after many years of 
naturall  outdoor weathering [18]. The fact that no change in solubility was 
measurablee by removability tests earlier in the study relates to the lower sensitivity 
off  removability tests, but also, it seems, to continued aging of the films during 
aboutt five years in storage. 

Inn this regard, it is worth mentioning that the minor copolymer units of EA 
orr BMA in B-44 and B-48, respectively, are known to be quite susceptible to both 
thermal-- and photo-induced oxidative degradation [19,20]. Typically, for example, 
BMAA polymers have long induction periods in which littl e change is observable, 
followedd by periods of rapid change in properties. As minor fractions incorporated 
intoo more stable copolymer units, such as MA, EA, or MMA . crosslinking 
reactionss are not thought to compete effectively with scission reactions during 
aging,, so that the copolymers do not become insoluble; this has been reported for 
ParaToidss B-72 (MA/EA/BM A copolymer) and B-82, (MMA/EA copolymer) [21]. 
Itt is also feasible, however, that small amounts of less stable chemical units in B-
44.. Incralac or B-48 form scattered centers within the copolymer matrix, as well as 
att the metal surface, where degradation may be initiated. Even before change in 
solubilitvv is evident, this could manifest itself as film toimhenin<j or embrittlement. 
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i.e.,, as a form a kind of physical crosslinking, which may even aid protection of the 
metall  up to the point at which cracking and disbondment begin to occur. In this 
light,, results of interfacial analysis suggest that the copper ions near the metal 
surfacee may activate less stable centers of the copolymer and serve as an important 
initiationn site for oxidative degradation in an otherwise stable polymer. 

5.3.1.2.5.3.1.2. Other acrylics 

Paraloidd B-48 (Röhm and Haas, Inc.) is a higher molecular weight MMA 
copolymer,, which, according to the manufacturer's literature, has "unique" 
adhesionn to treated or untreated metals, is more flexible than B-44, and is 
recommendedd for use in the Incralac formulation instead of B-44 [22]. The 
weight-averagee molecular weight (Mw) of B-48 has been reported to be 184,000, 
comparedd to a Mw of 105,000 for B-44 [9], This would largely account for 
increasedd flexibilit y in the copolymer. It is also known from the supplier's 
literaturee that B-48 has a slightly lower glass transition temperature (Tg) than B-44 
(50°Cvs.. 60°C). 

Py-GC/MSS analysis of Paraloid B-48 revealed three large depolymerization 
products,, identified as MMA, butyl acrylate (BA), and BMA. There were also two 
unidentifiedd components. Chiantore and Lazzari reported the copolymer 
compositionn of B-48 as 74.5 mol % MMA and 25.5 mol % BMA units [9]. The 
FTIRR spectrum of bulk B-48 (not shown) showed only minor differences from that 
off  Incralac (Figure 4), including relatively increased methylene absorbance in the 
CHH stretch region from 3000 to 2800 cm"1, and differences in the so-called 
fingerprintfingerprint region, i.e., 1100-500 cm"1. No indications of chemical modifications 
thatt might be responsible for increased adhesion to metals, such as inclusion of 
acidd functionalities, were detected by these methods. 

Solubilityy of B-48 films is shown in Figure 7 and discussed briefly above. 
Thee greater gel content measured in films of B-48 vs. B-44 after about 5 years of 
storagee does not appear to be statistically significant. However, a weathered film 
off  B-48 clearly exhibited change in solubility and gel formation after the same 
periodd of prolonged storage, as did Incralac. The film also exhibited physical 
changes,, such as peeling, cracking, and loss of flexibility . 

Inn Phase I of the research, two coatings (#10 and 11) were specially 
formulatedd based on B-48 resin (Cape Cod Research, Inc.). The other acrylic 
coatingg used extensively in the study was the Nikolas 11565 Outdoor Lacquer. 
Thee manufacturer states that this is a "modified acrylic" lacquer designed for 
exteriorr brass and bronze, which is supplied ready for use and contains BTA as a 
"chelatingg agent," as well as UV absorbers; in addition,"[b]ecause of its excellent 
flowingg capabilities, orange peel is virtually eliminated" at thinner coatings [23], 
Thee coating was observed to have good application properties, but was also noted 
too have slight coloration before aging. 

Py-GC/MSS of the Nikolas acrylic coating confirmed that the major polymer 
fractionn is MMA, with additional fractions of butyl acrylate and BMA, indicating 
thee base resin is similar to Paraloid B-48. HPLC analysis showed a peak identified 
ass BTA eluting at 3.125 minutes. The chromatogram (Figure 8, top) is similar to 
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thatt of Incralac, except that the relative quantity of BTA in the coating appears 
muchh higher, given the same injection volume and about equal solution 
concentrations. . 
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Figur ee 8 HPLC chromatograms extracted at 254 nm for A) Nikolas 11565 acrylic lacquer 
inin THF, B) Nikolas 9778, part A acrylic polyol in THF, C) Nikolas 11650 waterhorne 
acrylicacrylic urethane, methanol extract, D) Incralac in THF, E) BTA in THF, and F) THF. 

FTIRR microtransmission and specular reflectance spectra of bulk Nikolas 
115655 lacquer showed good correspondence on either glass, rolled bronze, or 
aluminizedd mirror. The latter is shown in Figure 9 (wide line). These spectra 
confirmedd a match with Paraloid B-48, with the exception of two weak absorbance 
bandss near 3533 and 3441 cm'1, and a distinct shoulder near 1721 cm'. These 
spectrall  features suggest that the Nikolas acrylic is slightly modified in terms of 
hydroxyll  and/or acid functionalities. Such modification could be incorporated 
specificallyy in order to improve adhesion to metals, although this was not reflected 
inn our measurements in Phase I (see Chapter 2). 

Afterr accelerated weathering for 46 days, slight broadening of the carbonyl 
peakk and relative reduction in absorbance near 1150 cm" arc observed in the 
spectrumm of the bulk film (Figure 9, thin line). These changes suggest limited 
developmentt of unsaturation, as well as the loss of some ester groups, and support 
thee notion that scission-produced conjugated double bonds, i.e.. chromophores, 
developedd in the coating during accelerated weathering. 
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Figuree 9 FTIR specular reflectance of Nikolas 11565 Outdoor Lacquer, bulk film on 
aluminizedaluminized mirrors, A) unweathered (wide solid line), and B) weathered (thin solid line). 
SpectraSpectra are normalized to CH stretch bands near 2950 cm '. 

Resultss of accelerated and natural outdoor weathering showed that no other 
acrylicc coatings outperformed the Incralac series coatings, although the Nikolas 
acrylicc was about equivalent to Incralac without a wax topcoat in accelerated 
weatheringg tests. After outdoor weathering, however, the coatings based on B-48 
resin,, as well as the single Nikolas acrylic, all lagged behind the Incralac coatings 
(seee Chapter 2). Based on the analysis of B-48 and the Nikolas acrylic, it appears 
thatt increased flexibility in B-48-based coatings does not make up for a slightly 
decreasedd stability in simulated and natural outdoor exposures. Furthermore, we 
mayy assume that lower Tg renders the film softer and more moisture-permeable. 
Ass previously mentioned, the presence of BMA in coatings based on B-48 may be 
significantt in terms of slightly increased susceptibility to degradation on copper 
alloyss under the extreme conditions of outdoor exposure [16,19]. 

5.3.2.5.3.2. A cry lie ur ethanes 

Solvent-bornee acrylic urcthanes represent a large and important class of 
highh performance coatings on the market today. Physical properties can be 
engineeredd into these systems by selection of type and functionality of the acrylic 
portion,, and control of the crosslink density. Accordingly, properties vary greatly 
fromm product to product. While high crosslink density generally correlates to 
excellentt weathering properties, a balance must be struck between crosslinking, 
flexibility,flexibility,  and other application properties. 

Thee solvent-borne, two-component acrylic urethane systems tested in this 
studyy were developed for the metal maintenance and auto refmishing markets. 
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Theyy are based on hydroxyl-functional acrylic polyols (R2-OH), reacted with an 
aliphaticc polyisocyanate (R|-N=C=0), to form urethane crosslinks (Ri-NH-CO-
R2),, as shown in the generalized scheme below (Figure 10). 

isocyanateisocyanate unit 

' ' 

++ H20 

R.-NI-LL „OH 
11 xc 

R2 2 O HH to 

acrylicacrylic polyol unit 

0 0 

carbamiccarbamic acid (unstable) 

__ R--NH- + 

amineamine unit ^ s ^ 

* i -N HH „ 0 - R 2 

O O 

urethaneurethane crosslink unit 

co2t t 

R ^ N H ^ N H - R , , 

Ö Ö 
disubstituteddisubstituted urea unit 

Figur ee 10 Representation of general reaction scheme for the isocyanate functional group 
withwith acrylic polyol resin or atmospheric moisture. 

Diisoocyanatess are typically trimerized into stable isocyanurate ring 
structuress with high crosslink functionality for use in these coatings. Side products 
suchh as amines, disubstituted ureas and biurets, and amides are often formed 
duringg curing by reaction with moisture and other reactions products [24,25]. In 
particular,, urea and amide linkages are known to be more light sensitive and have 
poorerr weathering resistance than urethanes, and are therefore less desirable 
products.. The formation of amine and carboxyl salts is also possible in coatings on 
outdoorr metal objects, and may be undesirable in terms of moisture sensitivity. 
Catalysts,, flow aids such as silicones, UV absorbers, including BTA, and 
defoamerss are typically added to these coatings in relatively large quantities. 

5.3.2.1.5.3.2.1. Nikolas 9778 Exterior Uralac 

5.3.2.1.1.5.3.2.1.1. The bulk coating 

Thee Nikolas 9778 Exterior Uralac acrylic urethane belongs to the category 
off  a two-part acrylic polyol/poly-isocyanate system. Py-GC/MS of the 
unweatheredd coating showed that components of the uncrosslinked acrylic polyol 
(partt A) consist of a copolymer of polystyrene, MMA , BA, and BMA. As shown 
inn Figure 9, the presence of BTA in part A was confirmed by HPLC elution and the 
matchingg UV spectrum of a peak at 3.12 minutes. Compared to Incralac and the 
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Nikolass 11565 acrylic, the 9778 part A coating contains much more BTA (relative 
too the solvent peak in a solution of similar concentration). 

Thiss coating was applied as a medium thick film (about 38 pm) in Phase I 
(#19,, 22), as well as a middle coat over the Nikolas 11565 acrylic in Phase I (#15-
18)) and in Phase II. In all cases, the coating was a very good performer, especially 
inn accelerated weathering tests. Measured adhesion of the urethane coating to 
polishedd bronze was mediocre, as expected for this class of coatings (see Chapters 
22 and 3). 

Figuress I la and l i e show FTIR microtransmission spectra of the auto-
polymerizedd crosslinking agent (part B) and the uncrosslinked acrylic polymer 
(partt A), respectively. These spectra allow identification of peaks from the 
isocyanuratee and its reaction products with atmospheric moisture in the first case, 
andd those which belong to the acrylic in the second. Based on differences between 
thesee figures and spectra of three cured resin films (Figure 11 b-d), tentative 
assignmentss for various functional groups in this type of acrylic urethane were 
made,, as listed in Table I [7,25]. 

Comparedd to Figure 11a, no new peaks that may be uniquely assigned to 
urethanee linkages are obvious in the spectra of the crosslinked coatings. This 
illustratess that the various functional groups of interest in the cured resin give rise 
too overlapping absorbance bands. However, assuming that samples of the cured 
coatingg show infrared bands predominantly due to the acrylic reaction products, 
andd less from side reaction products, several features appear useful in identifying 
relativee urethane crosslink density: 1) increased intensity in the C=0 peak near 
17277 cm"1 (position depending on the resin); 2) the position and breadth of the peak 
nearr 1521 cm"1; and 3) relative proportion of OH and NH stretching near 3520 and 
33800 cm"1. Vibrations involving CN and NH stretching and deformation in side 
reactionn products, including ureas and amines, appear to absorb principally near 
1540-555 cm"' and 1640 cm"1. The band near 1689 cm"1 may be principally assigned 
too C=0 stretching in isocyanurates, but apparently also has contributions from 
urethanee and/or urea groups. 

Figuree li b shows the ATR spectrum of a freshly exposed surface from 
materiall  that remained after spray coating and solidified in the beaker. Figures 
11 lc-d show microtransmission spectra of a film cured on glass and on polished, 
castt bronze (Phase I, #19), respectively. Results offer a contrasting picture of a 
masss of polymer vs. a cast or spray-coated film. The FTIR spectrum of the bulk 
polymerr in Figure l i b is dominated by bands assigned to the isocyanurate and 
urethanee functionalities, but also includes relatively fewer bands from side reaction 
products.. The resin shows littl e similarity to the acrylic by FTIR. This indicates a 
highlyy crosslinked resin. Further evidence of extensive curing is seen in the 
absencee of absorption bands due to OH stretching near 3522 cm'. Thus, we can 
concludee that the material cured under these conditions had an excess of 
crosslinkingg agent, possibly from poor solubility in the resin and settling. The fact 
thatt no residual isocyanate is detected indicates that it reacted fully. 

Thesee results also imply that the other part of the batch used for spray 
coatingg the metal coupons was deficient in crosslinking agent. This is borne out in 
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thee spectrum from the coating on polished, cast bronze, shown in Figure 1 Id. Here 
thee increased intensity of the peak near 1727 cm", and peaks near 3400 and 1521 
cm',, provide evidence of urethane crosslinking, although in relatively lower 
concentrationn than seen in the beaker-cured resin. The spectrum otherwise appears 
similarr to that of the acrylic part A. including the continuing presence of 
absorptionn bands near 3522 cm" . This indicates that crosslinking did not take 
placee at all hydroxy! sites. 

Thee FTIR spectrum of a thicker 9778 film applied to glass (Figure lie) 
revealss an intermediate level of curing, and a predominance of urethane linkages, 
ass seen in the relatively intense bands at 1727 and 1521 cm' . This spectrum 
appearss to show a properly cured coating, with a higher ratio of the bands 
3388:35200 cm" . In general, the differences between the FTIR spectra of these 
threee cured coatings or materials point out the difficulty of working with two-
componentt curing materials and obtaining properly cured coatings. 

Afterr accelerated weathering of the 9778 coating on various substrates, 
FTIRR spectra of the bulk films showed little or no noticeable change, with the 
possiblee exception of a slight decrease and broadening in absorbance near 1521 
cm""  . Thus the bulk coating characteristics of the 9778 acrylic urethane, as applied 
onn samples in Phases I and II, appear to show low-medium crosslinked character, 
withh fairly good chemical stability. 

35000 3000 2500 2000 1500 1000 
Wavee number  (cm-1) 

Figur ee 11 FTIR spectra of bulk, unweathered 9778 acrylic urethane (G.J. Nikolas & 
Co.),Co.), A) 9778 part B, auto-polymerized, microtransmission, B) solidified material from 
beaker,beaker, ATR (KRS-5 45°), C) film on glass, microtransmission, D) film on polished bronze. 
(Phase(Phase I, #19), microtransmission, and E) 9778 part A resin, microtransmission. Spectra 
B-EB-E are normalized to acrylic band near 845 cm ; A is normalized to 1765 cm' in B. 
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TABL EE I : 
Frequenciess and Tentative Assignments of Typical Infrare d Absorption Bands 

inn Acryli c Polyol/Polyisocyanate Urethanes 

Bandd Frequencies (cm1) 

3530-34400 (broad) 
3500-33000 (broad) 

3378/33400 (sharp apex, 
broad) ) 
3080-30244 (weak) 
2987-28500 (medium-strong) 
2270-2230 0 

17855 (shoulder) 
1732-17177 (strong) 
1700-16855 (strong) 

1660-1625 5 
1617-16100 (weak) 
1601-1600(weak) ) 
1585-1580 0 

1556-1530 0 
1535-1518 8 
14933 (sharp) 
1472-14633 (medium-strong) 
1456-14300 (medium-strong) 
13844 (medium) 
1369 9 
1250-12100 (medium-strong) 

1212-1172 2 
1192-11611 (medium-strong) 
1146-1139 9 
1080-1071 1 
8455 (weak) 
767 7 

7600 (medium) 
702-7000 (medium) 

Acrylic c 
portion n 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

Urethane e 
portion n 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

Tentativee Assignment̂ 

C-OH/HH OH str 
NH/NH22 str; N HOH; NH OH2 

str r 
urethane/ureaa NH str 

aryll  C-H str 
CH2/CH33 str 
isocyanatee N=C=0 out of phase 
str r 
isocyanuratee C=0 str 
esterr C=0 str + urethane C=0 
isocyanuratee C=0 str/urea C=0 
str/carboxylicc acid C=0 str 
ureaa C O str/NH2 def/C=C 
NH22 def/carboxyl salts C=0 
aryll  breathing 
ureaa CNH str-bend /NH2

+ salt 
def f 
ureaa CNH str-bend 
urethane/ureaa CNH str-bend 

CH22 def (isocyanurate,/acrylic) 
NCOO str/CH2 def 
CH2/CH,, def/C-OH (?) 
CH2/CH33 def;C-N; NH def 
CNN (isocyanurate/ urethane/ 
urea); ; 
C-OO ester 
C-OH H 
C-00 (?) 
C-OO ester/alcohol; CNC str. 
C-OO alcohol/NH2 

aromaticc CH wag (?) 
isocyanuratee CCO in phase str; 
NHH wag ; CH2 rocking 
C-C-00 str 
aryll  vibration 

tt Based on IR spectra of acrylic part A resin and auto-polymerized part B crosslinking 
agents,, and assignments by Colthup, et al. [7] and Urban, et al. [25], 
Key:: str=stretching; def=deformation 
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5.3.2.1.2.5.3.2.1.2. The metal/coating interface 

Figuress 12a-c represent the polymer interfaces from cast bronze (#19, 
Phasee I), with and without weathering. Sampling for ATR in this instance was 
particularlyy difficult, since the coating tended to shatter into small fragments when 
immersedd in liquid nitrogen. ATR results show that the unweathered coating near 
thee metal interface (Figure 12a) is very similar to the bulk (Figure 11 b and d), 
indicatingg good homogeneity within the coating. In a weathered sample, the ATR 
spectrumm of the polymer at the metal interface appears littl e changed (Figure 12b), 
withh the exception of a perceptible reduction of the peak near 1521 cm" , and a 
moree notable increase in the OH stretching region near 3500 cm" . With approach 
too the metal surface in the weathered sample (Figure 12c), we see a more 
pronouncedd increase in broad OH/NH stretching band absorbance, plus 
pronouncedd shifts in this region. Although poor signal to noise ratio makes 
interpretationn less definitive in the region between 1700 and 1500 cm" the CNH 
vibrationn near 1521 cm"' appears slightly reduced, and the carbonyl band appears 
broadenedd at the base. These changes suggest increased moisture sensitivity and 
acceleratedd oxidative degradation at the bronze surface, which may include 
carboxyll  and/or amine salt formation. Absorption near 2850 (shoulder) and 2700 
cm"11 in Figure 13c is consistent with the presence of acidic hydrogen from these 
functionall  groups. 

35000 3000 2500 2000 1500 1000 
Wavenumberr (cra-1) 

Figuree 12 ATR spectra of (A-Q Nikolas 9778 acrylic urethane polymer interfaces from 
polished,polished, cast bronze (#19): A) before weathering (KRS-5 45°), B) after weathering 
(KRS-5(KRS-5 45°), and C) after weathering (KRS-5 60°); and D) ATR spectrum of Nikolas 
1156511565 acrylic/9778 acrylic urethane interface from polished, cast bronze ((#16), after 
weatheringweathering (KRS-5 45 °). Spectra are normalized to bands near 2950, 845 and 760 cm' . 
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Resultss thus suggest that incomplete curing of the hydroxylated acrylic 
resinn plays a role in moisture sensitivity, and that the polymer is more susceptible 
too degradation at the bronze interface. While homogeneity and chemical stability 
inn the bulk polymer provide rationale for good performance in this coating, 
reactionss at the metal/coating interface undoubtedly forecast complete loss of 
adhesionn and development of corrosion not yet witnessed during Phase I coating 
evaluationn (see Chapter 2). 

5.3.2.1.3.5.3.2.1.3. The metal/coating interface of Nikolas acrylic/acrylic urethane coating 

ATRR spectra were obtained from the acrylic side of the metal/coating 
interfacee of Nikolas acrylic/acrylic urethane two-part systems. Weathered and 
unweatheredd samples were taken from Phase I, #16, i.e., from polished, cast bronze 
pretreatedd with BTA, and from rolled bronze samples in Phase II. Delamination of 
thee coating in all cases was difficult, and spectra were rather poor quality. After 
acceleratedd weathering, delaminated coatings were slightly less difficult to obtain, 
andd a legible spectrum was obtained, as shown in Figure 12d. ATR of the first 
2.922 um of the weathered polymer from the polished bronze interface shows 
surprisingg dissimilarity between the metal/polymer interface and the bulk acrylic 
coatingg (Figure 9). The spectrum reveals that the interfacial region is in fact a 
compositee of the acrylic and the acrylic urethane. In particular, peaks near 3350, 
2920,, and between 1723 and 1450 cm"1, show that the interfacial region has much 
off  the polyurea character. A broad, single absorbance centered near 3350 cm"1 

indicatess the strong presence of NH functionalities. Note that peaks at 2919 and 
28477 cm also appear to have contributions from wax contamination. 

Spectraa of this coating delaminated from rolled bronze similarly showed 
bandss related to ureas and the isocyanurate, as well as urethanes, supporting 
conclusionss that the first coating layer was in all cases quite inhomogeneous, and 
thatt the layered structure of the coating was diffused. One explanation is that the 
isocyanatee migrated through the acrylic layer, which was made soluble during 
applicationn of the second coating system. In the absence of hydroxyl functional 
groupss in this region, the isocyanate would have self-polymerized. This is a 
disappointingg result in that it shows the intended composition of the layered 
coatingg was altered. It is not clear how this affected performance of the system, 
butt most likely caused undercuring in the top urethane layer, thereby having a 
negativee impact on weathering properties. 

5.3.2.2.5.3.2.2. PPGDAÖ75 

DAU755 solvent-borne acrylic urethane (PPG Industries, Inc.) is another 
examplee of a two-part acrylic polyol/isocyanate coating system. It was applied in 
Phasee I and performed below expectations on the cast bronze, but fairly well on the 
copperr roof substrates in accelerated weathering tests (see Chapter 2). This was 
ascribedd in large part to the poor adhesion on cast bronze, since use of the 
manufacturer'ss pretreatment on bronze before coating application (sample #21) 
markedlyy improved both adhesion and coating performance. 
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Py-GC/MSS of the coating showed evidence for a styrene/MMA/BMA 
terpolymer.. The FTIR transmission spectrum of the bulk unweathered coating, 
shownn in Figure 13b, is characterized by a small, broad, double absorption near 
35200 cm" , aromatic vibrations near 3026, 1602, and 1500 cm" , and a sharp 
carbonyll  vibration near 1730 cm'1. (The region from about 2200-1800 cm'1 cannot 
bee read due to absorbance from the diamond cell accessory here.) 

35000 3000 2500 2000 1500 1000 
VVavenumberr (cm-1) 

Figuree 13 FTIR spectra of unweathered DAU75 acrylic urethane (PPG Industries, Inc.): 
A)A) polymer interface from polished, cast bronze (Phase I, #20), APR (KRS-5 45 °), and B) 
freefree film, microtransmission. Spectra are normalized to acrylic bands near 2927 and 845 
cm'cm' . 

Thee ATR spectrum of the unweathered PPG acrylic urethane coating after 
delaminationn from polished bronze (Phase I, #20) shows a dramatic difference 
betweenn the coating/metal interface and the bulk polymer. As seen in Figure 13a, 
urethane,, urea, and isocyanurate groups, identified by vibrations near 3388, 1689, 
1727,, 1525, 1430, and 1335 cm" , are concentrated at the metal interface. These 
featuress indicate that there is a much higher degree of cure at the metal/coating 
interfacee than exists in the bulk film. However, the lack of relative intensity in the 
carbonyll  peak near 1727 cm"1, and strong presence of OH stretching bands near 
35000 cm" , indicate that the cure products are dominated by ureas and amines, 
ratherr than urethanes, and that some crosslinking sites still remain on the acrylic. 
Conversely,, the FTIR spectrum of the bulk film has the appearance largely of an 
uncured,, hydroxylated acrylic resin. 

Inn addition, a weak peak at 2234 cm"' in Figure 13a indicates the 
persistencee of a small portion of unreacted isocyanate groups, suggesting that 
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isocyanuratee segregated out and massed at the bronze surface. This would explain 
thee higher degree of isocyanate self-polymerization products in this region, and the 
existencee of an interfacial region that is chemically distinct from the bulk film. 
Thee poor adhesion of this coating on the cast bronze suggests that isocyanate 
groupss are not complexed to the metal surface. However, its persistence here 
raisess the question of whether the isocyanurate may weakly interact with a CuBTA 
filmm at the surface. In either case, results suggest that not only poor adhesion, but 
alsoo lack of chemical homogeneity between the bulk and the interfacial region had 
significantt impact on coating performance during Phase I. 

5.3.2.3.5.3.2.3. BASF 923-85 

5.3.2.3.1.5.3.2.3.1. The bulk coating 

Thee BASF coating is a two-component, solvent-borne acrylic urethane, 
similarr in type to the PPG and Nikolas coatings described above. According to the 
manufacturer,, the crosslinking agent (part B) is a trimer of HDMI, 
hexadimethyleneisocyanatee (an isocyanurate), and the resin in part A is an acrylic 
polyol.. In addition, the manufacturer has stated that the coating contains BTA, is 
nott expected to have good adhesion to metal, and can be removed, even after 
aging,, by prolonged contact with n-methyl pyrolidone-soaked rags. They also 
recommendd that the coating be applied at least 2 mils (51 um) thick [26]. This 
acrylicc urethane was applied in Phase II of the study on BTA-pretreated substrates, 
andd given a wax topcoat after about one week. Performance on cast bronze after 
acceleratedd weathering was superior to Incralac and second to the Nikolas 
acrylic/acrylicc urethane. On the copper roof substrate, the coating performed 
somewhatt worse, and on the blasted copper roof barely surpassed its competitors, 
althoughh none did very well (see Chapter 3). 

Investigationn by FTIR first of all revealed that the coating cured much more 
slowlyy than expected at room temperature, with or without a wax topcoat. Figure 
144 (wide solid line) shows a typical FTIR spectrum of the unweathered, bulk 
BASFF 923-85 coating on bronze, with or without BTA pretreatment. Here we see 
thee persistence of a small peak near 2259 cm"1 due to unreacted isocyanate groups. 
Residuall  isocyanate was detected in films of different thickness on rolled bronze, 
rolledd copper, and aluminized mirrors. 

Thee FTIR spectrum of the unweathered bulk coating on rolled bronze 
(Figuree 14, wide solid line) also shows the following features: 1) a somewhat 
broadd absorption band near 1527 cm"1, attributable to urethane and urea linkages; 
2)) a very strong peak near 1691 cm"1 due to the isocyanate and other species, 
coupledd with a rather weak carbonyl peak at 1723 cm'; and 3) a relatively small 
doublee OH/NH peak with a maximum near 3383 cm"1. This spectrum is similar to 
thatt of PPG DAU75 and shows somewhat limited urethane crosslink formation. 

Despitee this evidence of incomplete curing, the coating did pass a solvent 
testt for a cured film, i.e., was not marred by rubbing with a bit of the reducer. 
Afterr heating at 100 °C for 3 days, the isocyanate peak disappeared. Similarly, 
afterr 46 days of accelerated weathering, isocyanate peaks disappeared from the 
specularr reflectance spectra of the films applied to aluminized mirrors and copper 
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alloys.. This is exemplified in Figure 14b (thin solid line), and was presumably 
causedd by heating conditions during the weathering program. 

3500 0 3000 0 25000 2000 
VVavenumberr (cra-1) 

1500 0 1000 0 

Figur ee 14 FTIR specular reflection spectra of bulk 923-85 acrylic methane (BASF, Inc.) 
onon rolled bronze: A) unweathered (wide solid line) and B) weathered (thin solid line). 
SpectraSpectra are normalized to aromatic CH stretch bands from 3100-3000 cm 

Weatheringg produced other subtle changes in the bulk film, including 
relativelyy increased peak intensities at both 1723 and 1691 cm"1, broadening 
betweenn 1690 and 1500 cm', and an increase near 1155 cm"1. The OH/NH 
stretchingg region appears relatively unchanged, however. These changes indicate 
delayedd curing. Thus, the resulting polymer resin appears to have increased 
amountss of amines and urea linkages, as may be expected from curing in the dried 
film. . 

5.3.2.3.2.5.3.2.3.2. The metal/coating inter f ace 

Examinationn of the BASF metal/coating interfaces showed some striking 
differencess in the interfacial region of this acrylic urethane coating on metal. 
Comparedd to the bulk film spectrum in Figure 14a, the ATR spectrum of the 
unweatheredd film from the rolled bronze interface (Figure 15a) shows a relatively 
higherr proportion of isocyanate species at 2259 cm" , as well as increased 
absorbancee near 3500 and 3373 cm'. In particular, the ratio of the 
isocyanurate/ureaa C=0 peak to ester/urethane C=0 groups appears shifted toward 
thee former. 

Afterr weathering, as shown in Figure 15b, more changes are evident at the 
metall  coating interface. Although this spectrum is relatively poor in quality, it is 
apparentt that the isocyanate peak has disappeared. Moreover, no new urea or 
urethanee functionalities are obvious. Rather, the effect of weathering resides 
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mainlyy in further increase in OH/NH stretching bands centered near 3350 cm"1, and 
reductionn in concentration of carbonyls. This not only indicates moisture 
sensitivityy at the interface, but also suggests degradation of the polymer. 

-.144 -

-.1455 -

35000 3000 2500 2000 1500 1000 
Wavenumberr (cm-1) 

Figuree 15 ATR spectra (KRS-5 45°) of 923-85 acrylic urethane (BASF, Inc.) from the 
rolledrolled bronze/coating interface, A) unweathered, and B) weathered. Spectra are 
normalizednormalized to CH bands, 3100-2800 cm'1. 

Ass applied in Phase II, this coating thus does not appear to have had a high 
densityy of urethane crosslinks. As in the case of the PPG acrylic urethane, low 
crosslinkk density appears to be related to segregation, and possibly aggregation, of 
thee isocyanate, particularly on copper alloy substrates. Unreacted isocyanates at 
thee metal interface apparently do not enhance adhesion to the bare metal, since 
adhesionn testing values were generally low on polished bronze for the acrylic 
urcthanes.. Results showed some chemical differences exist between the bulk and 
metall  interfacial region, although much less than in the PPG acrylic urethane. The 
Nikolass acrylic urethane appeared more homogeneous, but also undercured as 
appliedd in this study. The presence of residual hydroxyl species within the coating 
andd at the metal interface near 3520-3300 cm"1 in all three urethanes appears to be 
involvedd in increased moisture sensitivity and susceptibility to degradation at the 
copperr alloy interface. These results provide rationale for performance that was 
lowerr than expected for this system. 

Inn summary, the difference between the weathered and unweathered BASF 
acrylicc urethane, as well as the Nikolas 9778, generally appears to depend upon 
degreee and type of crosslinking more than the weathering itself. Results of 
infraredd spectroscopy suggested that crosslinking was incomplete in all coatings, 
possiblyy due to a tendency of the crosslinking agent to segregate out of solution. 
Inn the PPG and BASF acrylic urethanes, based on evidence of excess isocyanate, 
thee ratio of isocyanate:hydroxyl functional groups seems large. This resulted. 
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however,, in unreacted residue at the metal surface, and delayed curing effects, 
whichh include a disproportionate amount of urea and amine groups. In the Nikolas 
acrylicc urethane, no isocyanate residue was detected, corresponding to more 
homogeneouss but also somewhat undercured coating. This imparted some 
moisturee sensitivity to the coating. 

Resultss also imply that application of the solvent-borne, two component 
acrylicc urethanes onto patinated metal surfaces, where cure reactions could involve 
minerall  salts, may be even more complicated, and may result in unreliable 
productss in terms of coating performance. 

5.3.3.5.3.3. Waterborne acrylic urethanes 

Waterbornee coatings are increasingly sought, due to less toxicity and 
stringentt VOC requirements in many states in the USA. One-part waterborne 
urethaness may either be moisture curing resins or dispersions. The former are 
preparedd first by reaction of excess diisocyanates with a hydrogen-donating 
functionall  polymer to give an isocyanate-terminated product that can be used 
subsequentlyy for crosslinking in water. The films then typically cure by the 
reactionn of residual diisocyanates with atmospheric moisture to form disubstituted 
ureaa and biuret-linked polymers, as shown in the schematic in Figure 10. The 
productionn of carbon dioxide gas during curing may be difficult to control, 
especiallyy in thicker coatings. Dispersions can be fully reacted, high molecular 
weightt urethanes, blends, or copolymer formulations, often with acrylic 
components.. Small amounts of crosslinking agents may also be built into 
dispersions.. Both types of water-bome coatings typically have substantial amounts 
off  surfactants, additives, and stabilizers [24,27]. 

5.3.3.1.5.3.3.1. StanChem waterborne acrylic urethane 

Thee commercial coating marketed by StanChem, Inc. as 96X0049 "water-
basedd Incralac," and chosen for study in Phase I, is classified as a waterborne 
acrylicc urethane. It was applied as a thick film (about 70 urn), and had severe 
pinholing,, a gross defect which could not be overcome despite attempts to the 
contrary.. The coating was a poor performer on polished bronze and exhibited 
dramaticc failure on the natural brochantite patina of the copper roof. It also 
showedd very poor adhesion to both substrates, and was unstable to ultraviolet 
radiationn on the metallic substrates, particularly the copper roof, as evidenced by 
rapidd yellowing during accelerated exposure. A sample brushed onto glass and 
similarlyy exposed did not noticeably yellow. Peeling and corrosion occurred on 
bothh types of copper alloy substrates, along with severe cracking on the copper 
roof.. (See Chapter 2 for more details.) 

Thee exact composition of this coating is not known. Two components were 
identifiedd by Py-GC/MS: polystyrene and possibly butyl acrylate. The acrylic 
portionn of the polymer therefore seems to have littl e in common with Incralac. 
FTIRR spectra in Figures 16a-b represent, respectively, the unweathered, bulk 
coatingg cast on glass (microtransmission), and the weathered glass/polymer 
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interfacee (ATR). ATR spectra of the weathered coating delaminated from bronze 
andd copper roof (Phase I, #26) are shown in Figure 16c-d. 

35000 3000 2500 2000 1500 1000 50 
VVavenumberr (cm-1) 

Figur ee 16 FTIR spectra of "water-based Incralac" (StanChem, Inc.). A) imweathered 
bulkbulk polymer cast on glass (microtransmission), and B-D) A TR spectra of weathered 
interfaces:interfaces: B) on glass (KRS-5 45), C) on polished, cast bronze (Phase I. U26) (KRS-5 60). 
andand D) on copper roof (KRS-5 60). Spectra are normalized to CH bands 3100-2800 cm'. 

Thee imweathered bulk coating (16a) exhibits the general character of an 
acrylicc urethane. Major absorption bands are at 3500-2700 (very broad, weak). 
3320,, 1731 (strong), 1700 (weak), 1602, 1540 (broad, weak), 1238, and 1169 cm'. 
Thesee features indicate a mixture of urethane and urea linkages, as well as the 
presencee of carboxylic acids (see Table I). In particular, the position of the CNH 
stretch-bendd vibration near 1540 cm"1 indicates that urea structures predominate 
[25].. Noting the difficulty with bubbles during application of this clear coating 
material,, results confirm that the StanChem coating is a type of moisture-curing 
acrylicc urethane. 

Notably,, the spectra in Figure 16 all show a peak at 2239 cm"1, in various 
concentrations,, due to residual isocyanate. At the bronze/coating interface the 
isocyanatee peak is relatively large; in the bulk and at the coating/glass and 
coating/brochantitcc interfaces the peaks are small. This provides strong evidence 
forr preferential adsorption of the isocyanate groups at the bronze surface, which, 
wee can assume, is covered with a thin CuBTA film. It is also seen that the 
isocyanatee peak is not shifted from one spectrum to another, indicating that this 
functionall  group does not complex with the metal or mineral surface, possibly due 
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too the separating CuBTA layer. Poor adhesion measured on the sample substrates 
supportss this interpretation. 

Thee FTIR spectra also show that the residual isocyanate groups are stable 
too high temperatures, and have a lower frequency of absorption than isocyanates in 
thee solvent-borne acrylic urethanes. This tentatively suggests a resonance-
stabilizedd aromatic polyisocyanate structure [7]. The poor light stability observed 
inn the coating would support this interpretation. In any case, the unchanged 
appearancee of the isocyanate peak after weathering of the film on glass suggests 
thatt this species is present as a functional group on high molecular weight 
polymerss and inhibited towards further crosslinking reactions in the dried film, 
perhapss due to steric hindrance and lack of mobility. It is unclear, however, how 
thee isocyanate groups are evidently stabilized toward reaction with atmospheric 
moisturee to produce amines. 

ATRR spectra of the weathered coatings (Figure 16c-d) show significantly 
greaterr change occurred in the coating's chemical structure at the metal interfacial 
regionss than at the glass interface. This picture is somewhat complicated by the 
presencee of a particularly wide range of products, indicated in multiple peaks 
betweenn 1800 and 1200 cm"'. Inspection of the carbonyl region of the interfacial 
regionn from the coating aged against bronze (Figure 16c) shows sharpening of the 
mainn carbonyl peak at 1727 cm"1 accompanied by marked broadening and increase 
inn absorbance peaks at its base, from about 1750-1500 cm"1. New peaks are 
centeredd near 1615 and 1550 cm"1. This suggests formation of ureas, as well as 
carboxylatee and amine salts. The latter is supported by weak absorbance near 2500 
cm""  . 

Inn the coating weathered on copper roof (Figure 16d), the region between 
17000 and 1500 cm appears even more changed. It is now a broad hump of 
overlappingg peaks, suggesting the presence of complex mixture of degradation 
products,, including acids and amine salts and/or carboxyl salts, in lieu of peaks 
arisingg from polymer crosslinks. 

Readingg up in Figure 16, we also see markedly higher concentrations of 
OH/NHH stretch vibrations (near 3377 and 3448 cm"1, respectively) after 
weathering,, depending on the substrate. Absorbance due primarily to NH 
functionalitiess is increased at the coating/glass interface after weathering. On 
bronzee or copper roof, the concentration of both OH and NH stretching vibrations 
appearss even more significant after weathering, although this region overlaps with 
absorptionn peaks from minerals adhered to the delaminated coating in the latter 
spectrumm (Figure 16d). 

Degradationn and susceptibility to moisture-related changes thus appear 
inherentt in the coating, even without the complication of pinholing. Furthermore, 
resultss show that coating instability is exaggerated by contact with the bronze and 
copperr mineral salts. This is particularly evident on the brochantite patina surface, 
wheree polymer degradation appears to predominate over curing-type reactions 
duringg accelerated weathering. These results provide strong chemical rationale for 
thee coating's poor performance on these substrates in Phase I. 

129 9 



ChapterChapter 5 

5.3.3.2.5.3.3.2. Nikolas waterborne acrylic/urethane 

Thee 11650 Eco-borne Brass Lacquer (G.J. Nikolas & Co.) is an acrylic 
emulsionn with a urethane dispersion, primarily made for indoor metal maintenance 
applicationss [28]. Py-GC/MS analyses showed that the main components of the 
acrylicc resin are styrene, butyl methacrylate, and an alcohol. A large amount of 
BTAA was detected in the coating from HPLC analysis of methanol extract of a 
driedd film; this could not be quantified in the present method. Results are shown in 
Figuree 8, where a 10 |al injection of the methanol extract (vs. 5 ul injections of the 
otherr resins) produced a very large peak compared to solvent peaks. 

35000 3000 2500 2000 1500 1000 
Wavenumberr (cm-1) 

Figur ee 17 FTIR spectra of Nikolas 11650 waterborne acrylic/urethane: A) un weathered 
bulkbulk coating on aluminized mirror, specular reflectance, B) unweathered bulk coating on 
rolledrolled bronze, specular reflection, C) unweathered coating interface from rolled bronze. 
ATRATR (KRS-5 45°), D) weathered coating interface from rolled bronze, ATR (KRS-5 45°), 
andand E) weathered coating interface from polished, cast bronze (Phase I, #27), ATR (KRS-5 
6060 °). Spectra are normalized to CH stretch bands near 2920 cm'. 

Ass shown in Figure 17, FTIR spectra of the bulk coating and metal/coating 
interfacess are marked on the whole by their uniformity, and a lack of residual 
isocyanates,, as expected from a dispersion. This confirms that the coating 
undergoess coalescence during drying, rather than moisture curing, and largely 
accountss for homogeneity between the bulk and interfaces, as indicated by FTIR. 
Thee spectra also show relatively large proportions of NH/OH vibrations near 3338 
cm"11 and urea/urethane vibrations near 1680, 1653, and 1539 cm"1. Bands in this 
absorptionn region, as well as a weak, broad absorbance hump underneath the NH 
andd CH stretching bands, may also indicate the presence of carboxylic acids and/or 
aminee salts. 
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Infraredd analysis after weathering (Figure 17a,b) does not show changes in 
thee bulk films, suggesting that the coating has surprisingly good chemical stability. 
ATRR spectra of the coating from the rolled bronze interface after accelerated 
weatheringg appear unchanged as well (Figure 17c,d). This was also true for ATR 
spectraa of the coating delaminated from the polymer/polished bronze interface 
fromm Phase 1 (#27) (Figure 17e), except for broadening in the OH/NH stretch 
regionn from about 3600 to 2500 wavenumbers. This coating was thinly applied in 
aa single coat in Phase I, and in two layers on the rolled bronze in Phase II, which 
mayy account for the increase in hydrogen bonding detected in Figure 17e. 
However,, even the unweathered coatings on rolled bronze show a hump in this 
region,, which is relatively larger at the metal interface. These results confirm that 
thee coating allows passage of moisture through the film, and suggest that 
carboxylicc acids, and probably carboxyl salts, form at the metal surface. This 
moisturee sensitivity appears to be the coating's Achilles' heel and largely accounts 
forr its fairly poor performance (see Chapters 2 and 3). 

5.3.4.5.3.4. Microcrystalline wax blend 

Thee microcrystalline wax blend coating is a mixture of about 75% Bareco 
Victoryy Wax (microcrystalline, synthetic, low melting point wax), Bareco 
Polywaxess 2000 and 500 (polyethylene microcrystalline waxes), and Petronauba 
C,, an oxidized polyethylene wax. No BTA is added to the formulation [29]. This 
formulationn is consistent with specular reflectance spectra of the wax on 
aluminizedd mirrors or rolled bronze (Figure 18a), which exhibit only the prominent 
mcthyl/methylenee vibrations, plus the small doublet near 750 cm"1 attributed to 
crystall  splitting from the microcrystalline wax. No change in the wax after 46 days 
acceleratedd weathering was indicated by specular reflectance, although littl e 
remainedd on the mirror after this amount of time. 
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Figuree 18 FTIR specular reflection spectra of microcrystalline wax blend on rolled 
bronze.bronze. A) unweathered and B) weathered for 46 days. Spectra are normalized to CH 
stretchstretch bands near 2916 cm'. 
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Afterr weathering the wax coating on rolled bronze for 46 days (Figure 
18b),, the spectrum of the wax is similarly unchanged, and indicates the coating is 
stilll  present. However new peaks attributed to the formation of corrosion beneath 
thee wax are clearly visible. Peaks at 3446 and 3337 cm~\ as well as between 800 
andd 900 cm" , indicate that the corrosion is a hydroxy mineral, most likely copper 
hydroxyy chloride. Results thus confirm the poor protection provided by the wax to 
bronzee exposed to simulated acid rain weathering (see Chapters 2 and 3). 

5.4.5.4. Conclusions 
ATRR and RAIR were used to investigate interfacial regions in four types of 

coatingg systems on copper or bronze, before and after accelerated weathering: 
acrylics,, solvent-borne, two-component acrylic urethanes, waterborne urethanes, 
andd a wax coating. Chemical information about the polymer interfaces against 
glass,, rolled copper, patinated copper, rolled bronze, and/or cast bronze, gathered 
byy these methods was compared to FTIR microtransmission spectra, specular 
reflectance,, Py-GC/MS, and HPLC of the bulk polymers. 

Chemicall  characterization of coating/metal interfaces showed that 
significantt differences exist between the metal/coating interface and the bulk in 
somee coatings. This tendency was seen before weathering mostly in coatings that 
curee in-situ vs. lacquers or dispersions. After weathering, differences between 
metal/coatingg interfaces and the bulk in all of the coatings appeared to different 
degrees,, and generally indicated a catalytic effect of copper and copper salts on 
degradationn reactions in the presence of moisture and/or air. The presence of a 
CuBTAA corrosion inhibition film at the metal interface apparently does not 
completelyy inhibit either this effect or corrosion of the metal. Whether degradation 
reactionss are impeded to some degree was not rigorously shown by the data, but is 
nott supported in the performance ratings. While CuBTA films may inhibit passage 
off  moisture to the metal surface for a limited time, they are not good barriers for 
copperr ions themselves, which can easily migrate out once an electrolytic solution 
formss in the interfacial region. In the absence of a reservoir of BTA in this 
solution,, these ions are free to form corrosion salts underneath the coating. 

Inn acrylics, the chemical character of the bulk film and the metal/coating 
interfacee on copper alloys provides rationale for their fairly good performance in 
termss of good chemical homogeneity, stability and barrier properties. However, 
resultss also suggest that greater susceptibility to degradation exists at the 
metal/coatingg interface, especially when film thickness is not adequate enough to 
providee an effective diffusion gradient to oxygen and moisture. This supports 
evidencee of loss of adhesion during weathering (see Chapter 2). In addition, the 
formationn of small amounts of gel and the onset of embrittlement may occur in the 
coatingg before gross chemical changes are detected in the bulk. Microcracking is 
likelyy to result from embrittlement and stress build-up, and lead to a dramatic 
changee in moisture ingress. Corrosion and degradation at the interface may 
proceedd rapidly after this type of induction period, and may be catalyzed by copper 
salts.. In this light, the addition of a wax topcoat may benefit these systems not 
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onlyy by increasing thickness and impermeability to moisture, but also by initially 
fillingfilling  microcracks as they develop. Investigation of Paraloid B-48-based acrylic 
coatingss suggested that they have slightly reduced oxidative stability compared to 
Incralac,, which is based on Paraloid B-44 resin. This is supported by performance 
ratingss in this study. 

Chemicall  investigation of the bulk and interfacial regions of several acrylic 
urethaness revealed curing problems and suggested that coating properties and 
performancee are probably contingent on proper curing. FTIR analysis showed that 
thiss was not easy to achieve: evidence of unreacted functionalities remaining in the 
coatingss was rife. In general, differences between the acrylic urethane coatings 
appearedd to hinge on two factors: 1) homogeneity between the bulk and 
metal/coatingg interface, and 2) the degree and type of crosslinking. These 
chemicall  characteristics are related to the existence of residual crosslinking agents. 
FTIRR analysis of the bulk coatings and the metal/coating interfaces showed in 
severall  cases that excess isocyanates tend to congregate and persist at the metal 
surface.. This not only causes chemically distinct regions to form in the coating, 
butt may also result in delayed curing and the formation of less stable cure 
products. . 

Onn the other hand, undercuring was also observed to occur in the coatings. 
Thiss was evidenced in FTIR spectra by the presence of unreacted hydroxyl 
functionall  groups, and in the relative proportions of bands assigned to crosslink 
functionall  groups. Resulting moisture sensitivity in these coatings was apparent at 
thee metal/coating interfaces of weathered samples, which tended to show increases 
inn hydrogen-bonding and suggested conversion of some species to amine and 
carboxyll  salts. Results also suggested that these reactions were accelerated in 
proximityy to the copper alloy surfaces. While good homogeneity in a coating 
withoutt excess isocyanate, such as in the Nikolas 9778, appears to aid in good 
performance,, a less highly crosslinked resin may be correlated to less durability. 
Thiss undoubtedly impinges on the system's lifetime prediction, and appears to be 
reflectedd in performance ratings which did not meet the very high expectations 
heldd for acrylic urethane coatings in general. While the performance of solvent-
bornee acrylic urethanes remained fairly high in this study, results of chemical and 
FTIRR analysis suggest that better and more consistent performance may be 
achievedd with more optimal curing. 

Thee one-part waterborne systems do not offer many avenues for better 
controll  of curing, and therefore performance is unlikely to be improved through 
applicationn development in these cases. This is clearly the case with the StanChem 
waterbornee acrylic urethane. Spectroscopic analysis of this coating after 
weatheringg showed inherent chemical instability, which was accelerated on the 
metall  and mineral substrates. This provided an explanation for poor performance 
inn Phase I of the study. The Nikolas waterborne acrylic urethane is a type of 
dispersionn coating. FTIR spectra indicated that the bulk coating was quite stable 
onn polished bronze during accelerated weathering. However, infrared analysis of 
thee interfacial regions provided evidence that the coating allows moisture to 
accumulatee near the interface, resulting in degradative reactions. 
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Infraredd analysis of the wax coating on rolled bronze similarly showed 
goodd chemical stability, but an ineffective barrier to moisture and air. In this case, 
FTIRR provided direct evidence of the early occurrence of corrosion underneath the 
coatingg during accelerated weathering. This failure far preceded similar evidence 
inn any other coating studied. 

Thee chemical characterization of bulk and interfacial regions in coatings on 
modell  samples described in this chapter, in the context of their observed behavior 
inn accelerated and outdoor weathering tests, gives a valuable picture of processes 
thatt occur in the coatings. These small puzzle pieces help to construct a common 
picturee of coating failure for individual coatings as well as for groups of coatings. 
Thee results provide rationale for the performance observed on model samples after 
acceleratedd weathering in Phases I and II, and furthermore provide evidence for 
changess at the polymer/metal interfaces which may predict performance problems 
nott yet seen in our weathering program. 
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