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Performancee of five coatings on four  types of 

copperr  alloy substrates 

Abstract Abstract 
Coatingg analysis undertaken in Phase I of the project provided a systematic 

evaluationn of 29 coatings applied to bronze and naturally patinated copper 
substrates.. In Phase II of the project, described in this chapter, five of the most 
effectivee and relevant coatings were chosen for further study. The coating systems 
weree modified in design as deemed appropriate, and were: 1) Incralac with a wax 
topcoat;; 2) benzotriazole (BTA) pretreatment plus wax; 3) Nikolas 11565 acrylic 
undercoat,, with Nikolas 9778 acrylic urethane middle coat, and a wax topcoat; 4) 
BTAA pretreatment plus BASF 923-85 acrylic urethane, with a wax topcoat; and 5) 
two-layerr Nikolas 11650 waterborne acrylic emulsion/urethane dispersion with 
waxx topcoat. The model substrates were expanded and included: I) satin-finished, 
castt monumental bronze, II) artificially patinated, cast monumental bronze, III ) 
naturallyy patinated 50-year-old copper roof, and IV) pressure-blasted, naturally 
patinatedd 50-year-old copper roof. Samples underwent accelerated and natural, 
outdoorr weathering testing. Corrosion on uncoated samples was analyzed, and 
overalll  failure ratings, film thickness, and adhesion ratings were compiled as in 
Phasee I with the aid of digital image analysis. 

3.1.3.1. Introduction 
Resultss of Phase I, presented in the previous chapter, established the 

criteriaa for selection of five types of coatings for further study in Phase II of the 
researchh [1]. These coating types showed the most promise or relevance in 
practicall  conservation use and were singled out with the aim of further studying 
andd comparing their performance on an expanded range of representative model 
substrates,, as follows: 1) satin-finished, cast monumental bronze; II) artificially 
patinated,, cast monumental bronze; III ) brochantite patina that had formed over 
roughlyy 50 years on copper roof; and IV) the same copper roof material after 
walnutt shell-blasting. The five coating systems, applied in accordance with field 
practices,, were: 1) two coats of Incralac with a wax topcoat, 2) benzotriazole 
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(BTA)) pretreatment plus two coats of a microcrystalline wax blend, 3) an 
acrylic/acrylicc urethane/wax layered system (G.J. Nikolas & Co. coatings), 4) BTA 
pretreatmentt plus BASF acrylic urethane and wax topcoat, and 5) a two-coat 
Nikolass waterborne acrylic emulsion/urethane dispersion plus wax topcoat. The 
BASFF acrylic urethane was included in Phase II in order to vary manufacturers 
amongg the five coatings, and as a representative, viable acrylic urethane coating 
thatt has been used in the field with some success. 

Byy choosing a limited number of coatings for study on more substrates, 
Phasee II of the research focused more closely on the role of substrate in coating 
performance.. Experiments were also designed to repeat and clarify some of the 
questionss raised in Phase I, including whether applying some coatings more 
thicklyy could significantly boost performance. Samples were divided into three 
groupss in order to follow both accelerated and natural, outdoor weathering against 
controls.. The automotive-type, cyclic accelerated weathering regimen used in 
Phasee I was somewhat harsher in Phase II in order to increase the acceleration 
factor.. Sample analysis methodology in Phase II was additionally aided by digital 
imagee analysis. 

3.2.3.2. Experimental methods 
Analyticall  methods are generally the same as those used in Phase I, and are 

describedd in Chapter 2. Particulars relating to Phase II only are as follows. 

3.2.1.3.2.1. Substrates 

Thee bronze substrates were a "monumental" bronze alloy (analysis below), 
castt in 9" x 5" plaques by Bedi-Makky Foundry in Brooklyn, NY. Half of the 
plaquess were polished at the foundry to a satin finish, using a water medium in 
orderr to avoid fatty residue from jewelers' rouge polishing. The remaining plaques 
weree wheel-polished to 120 grit, then artificially patinated to a warm, medium 
brownn color. The patina was commissioned as a typical potassium sulfide (liver of 
sulfur)/ferricc nitrate patina, but was later reported to have been produced by a one-
stepp process with heat using a dilute solution of ferric nitrate in tap water with one 
orr two drops of cupric nitrate, and no rinsing. In order to accommodate all 
sampless together in the weatherometer and Tenney chamber during testing, 
sampless were cut into 3" x 5" plaques. The polished and artificially patinated 
bronzee samples constituted Sets I and II. 

Thee remaining sample substrates were coupons of naturally patinated, 50-
year-oldd copper from the Library of Congress in Washington, DC. These 
substratess were also used in Phase I and are described in Chapter 2. Half of the 
copperr roof samples were pressure-blasted with Agrashell ground English walnut 
shells,, AD-10.5B mesh, using about 40 psi at a slight angle, roughly 8-10 inches 
fromm the surface [2], This is consistent with normal conservation practice in the 
Unitedd States. Agrashell reports that the shell oil content is 0.5% by weight. 
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Thee number of substrates included in Phase II totaled 122. The four 
substrates,, Sets I-IV , were divided into three groups each, where A were used as 
controls,, group B was exposed to accelerated weathering, and group C was 
exposedd to natural, outdoor weathering. Enough samples were commissioned to 
conductt accelerated testing in triplicate, so that there were 30 samples in each set, 
i.e.,, five samples for each coating system, and five uncoated samples. Two extra 
sampless were added to Set IB; these are described below but were not included in 
performancee results. 

Thee substrates were examined by scanning electron microscopy (SEM) and 
energyy dispersive spectrometry (EDS), and selected corrosion products and patinas 
weree analyzed by powder X-ray diffraction (XRD), as described in Chapter 2. 
Additionall  open architecture XRD analysis was run by Dr. George Wheeler, the 
Metropolitann Museum of Art, New York, NY, on a Philips 1710 open-architecture 
diffractometerr with Cu Ka radiation acquired at 30 mA, 40 kV, 0.02 °/sec. In the 
latterr system, peaks were recorded and marked from the 1710 by Sietronic 
Softwaree and transferred to the Fein-Marquart software program. 

Gass chromatography (GC) was used to analyze derivatized extracts from 
threee samples: size AD 3B English walnut shells, the copper patina, and the walnut 
shell-blastedd copper patina. Each of the powdered samples was immersed 
overnightt in methylene chloride to extract the fatty material. The solvent extract 
wass filtered through a 0.45 um filter and reduced under a nitrogen stream to an 
appropriatee concentration. According to the method of White and Pile, 25 ul of a 
solutionn of 5% TMTFTH ((m-trifluoromethylphenyl)trimethylamrnonium 
hydroxide)) in methanol was added to the extract in order to convert the fatty acids, 
inn both free acid and ester-bound forms, into quaternary ammonium salts, which 
decomposee into methyl esters upon heating [3,4]. An aliquot of the solution was 
directlyy injected into a Perkin Elmer Autosystem GC, in splitless mode, with a 
Restekk Rtx-1 column and flame ionization detector. The temperature program 
was:: 50 °C for 0.5 minutes, increased to 100 °C at a rate of 25 °C/min., and 
increasedd to 280 °C at 6°/min., and held there for 5 minutes. The injector 
temperaturee was 300 °C, and the detector temperature was 325 °C. Data was 
processedd using Turbochrome software. 

3.2.2.3.2.2. Substrate preparation 

Alll  substrates underwent cleaning prior to coating. The polished, cast 
bronzee substrates were immersed in a xylene bath, then wiped with xylene. This 
wass followed by an acetone bath, then alternating wipes with acetone, ethanol and 
AA cry li-clean®,*  until the substrate passed the water drop break test [5], The 
artificiallyy patinated bronze coupons received only brief acetone baths, followed 
byy gentle wiping with acetone and ethanol, since a large amount of loose brown 
patinaa was otherwise removed. Unblasted copper roof substrates were bathed and 

**  Acryli-clean® wax and grease remover DX330 is a commercial solvent from PPG 
Industries,, Inc. and is made specifically for metal degreasing before lacquering. 
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lightlyy scrubbed in distilled water with a small amount of Triton-X surfactant 
added,, then rinsed and air-dried. Both blasted and unblasted copper roof samples 
weree additionally soaked for about 3 minutes in a xylene bath, then washed briefly 
inn acetone, followed by wiping with acetone and ethanol. All solvents were 
reagentt grade. 

3.2.3.3.2.3. Coating application 

Coatingss are described in Chapter 2, except for #4, the BASF Glassodur-
MSS Top Clear 923-85. This is a two-component, high solid acrylic urethane 
formulatedd from a proprietary acrylic copolymer crosslinked with a trimer of 
hexamethylenediisocyanatee (HDI). The manufacturer reports that this coating 
containss BTA, although this was not confirmed. The coating was developed for 
thee automotive refinishing industry, and has also seen limited application in the 
conservationn of outdoor metal objects. 

Inn preparation for coating, substrates 1-IV were each divided into six 
subsets:: one subset for each coating and one uncoated subset. Two of the subsets 
weree pretreated with BTA by applying several brush coats of 1.5% (wt) 
BTA/ethanoll  solution, followed by air-drying and rinsing with ethanol. The five 
sampless in each subset were lined up vertically and spray-coated together in order 
too achieve uniformity within groups A, B, and C. Experienced outdoor sculpture 
conservatorss applied all coatings [6]. The spray pressure used was about 35 psi in 
alll  cases. Consistent with normal practices in the field, Incralac coatings were 
appliedd after 60:40 dilution by volume in xylene. In order to achieve good 
appearancee on the patinated substrates, the base coat of Incralac was brush coated, 
andd followed by a second spray coat. On the polished bronze, both coats of 
Incralacc were spray-applied. 

Alll  other coatings were spray-applied as per manufacturer 
recommendations.. The Nikolas acrylic was applied as one coat without reduction, 
andd the Nikolas 9778 was mixed parts A:B in a ratio of 9:1, reduced 50% in 
speciall  thinner, and applied in a single coat over the acrylic after 30 minutes. The 
BASFF acrylic urethane was mixed parts A:B in a 2:1 ratio, reduced 50%, and 
spray-appliedd after a final wipe on the substrates with the BASF reducer. The 
Nikolass 11650 was sprayed as a single coat after reducing 5% in distilled, 
deionizedd water; a second coat, reduced 5% in distilled, deionized water, was 
brush-coatedd on top about one week later. 

Afterr sufficient curing for 1 to 2 weeks, all samples were cold-waxed. 
Consistentt with normal practice in the field, wax was applied in two brush coats 
andd followed by light buffing. This method was also used for the wax coating 
(#2).. One extra polished bronze sample was coated with Incralac and left unwaxed 
forr comparison; this was included in accelerated weathering. Another extra 
polishedd bronze sample was treated with an experimental silane by W.J. van Ooij 
att the University of Cincinnati, Ohio, and also included in accelerated weathering. 
Thee silane-coatcd sample did not do well in testing and was omitted from the 
results. . 
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Beforee weathering, coatings were characterized under tow magnification 
forr overall film quality in terms of the presence of seeds, orange peel, air 
entrapment,, solvent popping, hazing or whitening, bumps and sinks, cratering, and 
crawling/dewetting,, according to common industrial definitions [7], Dry film 
thicknesss and its standard deviation (ASTM D1400 [8]) were determined on 
samplee groups A (unweathered) and B (after accelerated weathering) using an 
Elcometerr 345 dry film thickness gauge. Ten to twenty readings were taken on 
eachh sample. The bronze coating measurements were subject to an error of  0.1 
mill  (2.5 microns), and thus coatings or patinas less than about 0.2 mils (5.1 um) 
couldd not be measured accurately. The copper roof samples had a large margin of 
error,, which could not be determined due to the extremely rough and uneven 
patina. . 

Beforee weathering, sample groups B and C were scribed through the 
coatingss on the bottom half of the sample with an "X" in preparation for creepage 
corrosionn measurement. Sample group A was evaluated for coating adhesion by 
thee ASTM D3359 [9] crosscut or X-cut adhesion tape test, as were sample groups 
BB and C after weathering. Results of the control group A were used to represent 
adhesionn before weathering, since the test cuts would interfere with weathering 
results.. For all adhesion tests, a small area of wax was cleaned off in order to test 
adhesionn only of the underlying coating system. 

AA small group of additional samples were prepared by draw-down coating 
applicationn on solvent-cleaned, rolled bronze coupons. Because of the varying 
viscosityy of test coatings, uniform thickness between coatings was difficult to 
achieve.. Additional samples of coated glass slides and aluminized mirror slides 
weree also prepared for accelerated weathering. These samples all experienced 
rapidd deterioration during accelerated weathering and were removed after 46 days 
duee to poor condition. 

3.2.4.3.2.4. Weathering 

Acceleratedd weathering of sample group B consisted of an automotive-
type,, accelerated weathering program, modified from ASTM standard test 
proceduress and SAE standards [ 10,11,12] for an Atlas Ci65a xenon-arc 
weatherometerr and a Tenney Thirty temperature/humidity test chamber. This 
weatheringg regimen was modified from that used in Phase I (Chapter 2) in order to 
increasee the acceleration factor. Total accelerated weathering time was 120 days, 
consistingg of two types of exposure: 1) constant light and intermittent back- or 
specimen-sprayingg in the weatherometer, and 2) alternating humidity cycling and 
freeze-thaww cycling in the Tenney, including daily, manual spraying during the 
weekdayss with a concentrated "rain" solution. Programming cycles in the two test 
chamberss were similar to those used in Phase I, as shown schematically in Chapter 
2,, Figures 1 and 2. In order to increase "time of wetness" following spraying with 
thee rain solution in the Tenney chamber, conditions in Phase II weathering were 
heldd at 23 °C and 80% RH for a period of one to three hours. Otherwise, 
conditionss in the Tenney were cycled between 20 and 85 % RH, or between (-15) 
°CC and 60 °C, in four hour segments. 
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Inn the first 27 days of Phase II testing, samples were alternated between 
Tenneyy and weatherometer exposures, and the spray solution average ion 
concentrationn was, in meq/1: [S04

=]=12.16; [N03]=4.81; [NH4
+j=14.65; [CI" 

]=34.38;; [Na"]=34.34. The pH of this solution was 4.2. The subsequent 37 days 
off  weathering consisted of weatherometer exposure only, with deionized water 
spraying.. Average conditions in the weatherometer were: black panel 60.5 °C, 
relativee humidity 23-44 %, irradiance 0.55 W/rrf @ 340 nm. The final 56 days of 
weatheringg were Tenney exposure only. The medium chloride rain solution used 
heree was reformulated to represent approximately lOOx the maximum 
concentrationn of common ions reported for typical acid rain [13,14], but with a 
lowerr chloride content than is normally used in accelerated weathering studies 
[15].. Total average ion concentration was, in meq/1: [S04~ ]=15.30; [NO3~]=4.80; 
[NH4

+]=4.18;; [Cl>22.07; [Na+]=35.37. The average pH of this solution was 3.64. 
Sampless were thoroughly rinsed with room temperature supermillipore water after 
weatheringg and conditioned to room temperature and humidity. 

Phasee II sample group C was naturally weathered on the roof of the 
Nationall  Gallery for just over one year. Time constraints did not allow longer 
outdoorr weathering. The samples were placed facing due south at a 45° angle 
accordingg to ASTM G7 [16], as in Phase I. 

3.2.5.3.2.5. Performance assessment 
Ass in Phase I, performance was broken down into three categories: coating 

condition,, overall corrosion, and mean linear creepage corrosion at a scribemark. 
Eachh assessment category contributed to one-third of the performance rating. The 
"totall  failure ratings" were calculated by the same method used in Phase I and are 
describedd in the experimental section of Chapter 2. 

Inn Phase II, some improvements were made in the evaluation methods for 
obtainingg individual ratings. Coating performance was assessed by the naked eye, 
ass well as by a HunterLab Ultra Scan XE spectrophotometer. However, color 
changee during weathering of a clear coating over metal involves change in the 
coatingg (usually yellowing), as well as the change in the metal surface from 
oxidation.. Therefore interpretation of the color data was not straightforward, and 
visuall  evaluation of color change in the coating layer was used in the final ratings. 

Forr the overall corrosion category rating, digital imaging and analysis were 
usedd to aid visual evaluation of overall pitting and creepage corrosion at the 
scribemark.. Photographs of the bronze and copper samples (group A, and groups 
BB and C after weathering) were captured and scanned as 32-bit images. All images 
includedd a reference color strip and ruler. The digital images were analyzed with 
Scanalytics,, Inc. IPLab software for Macintosh, version 3.2. For overall pitting 
corrosionn assessment, a set area on the weathered samples was defined according 
too value, hue, intensity, saturation, or the color parameters red, green, blue, yellow, 
magenta,, and cyan. This software allows only three parameters to be combined at 
onee time in order to define a specific color, so that the range of defined colors was 
quitee limited. This resulted in poor differentiation of corrosion, which was not 
uniformm in color. In addition, the patinated surfaces were mottled in coloring 
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similarr to the corrosion itself. Although individual algorithms for each of the four 
typess of bronze and copper roof substrates were written, this method of digital 
analysiss was successful only for the polished bronze substrates, which were 
uniformm in color apart from the corrosion. 

Digitall  images of the remaining patinated substrates could be examined 
convenientlyy by zooming in and out, and were used as checks for obtaining the 
ASTMM D610-defined value for percent overall pitting corrosion [17], translated 
intoo a 0-5 scale. This value was adjusted to include overall change from surface 
oxidation,, as necessary. This combined method led to improved consistency over 
thee estimation method used in Phase I. 

Inn contrast to overall corrosion evaluation, the digital image analysis 
softwaree unequivocally improved the precision in mean linear creepage corrosion 
measurementt at a scribemark (ASTM D1654 [18]). For this analysis, a one-pixel 
linee was superimposed on the image of each side of the "X" scribe. A "measure 
length1'' function was used to draw perpendicular lines from the scribe mark to the 
edgee of the corrosion which radiates out along the scribe. This was done on either 
sidee of the scribe line at eleven evenly spaced positions, for a total of 88 readings 
perr sample. The lengths of the lines were calculated in millimeters and averaged. 
Thee maximum mean linear creepage corrosion for all samples was 3.76 mm, 
althoughh individual values ranged up to about 10 mm where areas of corrosion 
mergedd near the centers of the "X" mark. Thus millimeters of creepage corrosion 
naturallyy lent itself to a 0-10 scale. 

Althoughh the maximum possible combined failure rating by this method is 
99,, actual values only approached 60. As in Phase I, creepage corrosion ratings 
tendedd to contribute about 10 % of total failure rather than 33 %, keeping the total 
ratingg values low. In addition, the coating system tended to contribute to less than 
aa third of the total failure, since failure was not seen in every coating category. 
Resultss in Phase II were thus consistent with Phase I in that "good performance" in 
conservationn terms, i.e., almost no visible change, remained at a total value of 
aboutt 10 or less. 

33.33. Results and discussion 

33.1.33.1. Substrate characterization 

SEMM imaging of the polished, cast bronze surface, as seen in Figure la, 
showss a fair amount of scratches and pits. XRD open architecture analysis 
detectedd copper tin/copper zinc alloy phases and lead phases separately. This 
concurss with the backscattering SEM image of the bronze (not shown), which 
revealedd the lead precipitated in small globs throughout a two-part matrix, similar 
too the bronze used in Phase I. XRD also identified the presence of two tin oxides 
(PDFF file #33-1374, 25-1259). 
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SEMM of the artificial patina on bronze samples (Figure lb) revealed a 
patchy,, finely cracked mineral layer. This fissuring was finer in some areas than in 
others.. EDS analysis of the artificial patina showed the presence of iron spread 
unevenlyy across the surface. No chlorine or potassium was detected. The presence 
off  sulfur could not be determined due to overlapping of the metal peaks. 
Aluminumm and silicon were also detected; these are common contaminants, most 
likelyy found in the foundry environment. The average thickness of the patina was 
<< 0.2 mils (5.1 (am), which is less than experimental error for measurement using 
ann Elcometer. 

XRDD open architecture analysis of the artificial patina, sampled by scraping 
offf  the metal, yielded a clear pattern which could be reasonably identified through 
thee International PDF files with two phases: ammonium iron sulfate 
[(NH4bFe(S04h]]  (# 3-0043) and copper nitrate hydroxide [Cu2(OH)3N03] (#15-
0014).. These minerals account for most, but not all the peaks in the pattern. Iron 
oxide/hydroxidess (reddish brown) were expected, but could not be convincingly 
matched,, although this does not rule out their presence in hydrated or poorly 
crystallizedd forms. These identifications imply that ammonium sulfide, a common 
patinizingg agent, was used or present as a contaminant in the solution or the brush. 

Analysiss and imaging of the copper roof substrate is described in Chapter 2 
andd shown again in Figure 2a. These substrates appeared very changed after 
blastingg with walnut shells. The color of the remaining patina was a much darker 
greenn overall; the yellowish spots and tiny black dots from the original patina still 
remained.. SEM of the walnut shell-blasted copper roof (Figure 2b) shows a 
surfacee in which the voids in the top mineral layer now appear exaggerated. The 
minerall  layer also appears denser and more compact or matted down, with fine 
crackingg visible in spots. EDS results for blasted copper roof coupons, both with 
andd without subsequent solvent cleaning, matched those for the unblasted surface 
withh the notable exception of a carbon peak in both spectra. This evidence appears 
too confirm suspicions that walnut shell blasting leaves oily deposits which arc not 
easilyy removed from the surface of treated metals. 

Additionall  support for the presence of residue from blasting was difficult to 
detect,, however. No walnut oil was detected either by FTIR of the patina or by GC 
off  patina extracts. While GC positively identified walnut oil from extractions of 
thee shells used for blasting, results from patina extractions both before and after 
blastingg contained many acids, so that positive identification of walnut oil was not 
possiblee by this method. 

Surprisingly,, there was no measurable difference in the average patina 
thicknesss on substrates with or without walnut shell blasting using the Elcometer 
gauge.. For both types of copper roof substrates the average patina thickness 
readingg was 0.70 mils (17.8 p.m)  0.1. However, open architecture XRD analysis 
off  the patinas on the respective substrates detected not only brochantite, but also a 
substantiall  amount of copper and cuprite in the case of the blasted copper roof 
Thiss implies that the patina was somewhat thinner on the blasted surface, enabling 
thee X-rays to penetrate more deeply into the metal. 
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Figuree 1 SEM photographs, normal image of A) polished, cast bronze (500x), and 
B)) artificially patinated bronze (600x). 
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Figur ee 2 SEM photographs, normal image of A) 50-year-old copper roof patina (600.x). 
andand li) 50-year-old copper roof patina, walnut shell-blasted (300.x)**. 

Notee that charging effect on this substrate did not allow higher magnification. 
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3.3.2.3.3.2. Corrosion on uncoated substrates after accelerated weathering 

XRDD analysis of corrosion products on the various substrates after 
acceleratedd weathering is summarized in Table I and described below. In general, 
corrosionn products on the polished bronze and natural brochantite patina were as 
expected,, with a few exceptions. Differences from Phase I results appeared to 
reflectt changes in the accelerated weathering rain solution in Phase II. Results 
variedd slightly on the other two substrates, and also indicated that BTA treatment 
providedd limited protection, in particular against chloride corrosion. 

3.3.2.1.3.3.2.1. Polished, cast bronze 

Brown,, black and green corrosion which formed on uncoated, polished cast 
bronzee samples after only 21 days of accelerated weathering was analyzed by XRD 
powderr diffraction. The pattern provided matches for the following phases: cuprite 
(CU2O),, tenorite (CuO), copper hydroxy chlorides (atacamite, paratacamite, 
botallackite),, copper hydroxy sulfates (including brochantite-M, brochantite-O, 
andd possibly posnjakite), and nantokite (CuCl). Lines remaining in the pattern 
suggestedd the presence of various hydrated copper chloride sulfate hydroxides, 
zincc sulfate hydroxides (white), and/or copper zinc sulfates, without firm 
identifications.. The peak at 6.90 A, along with other lines in this pattern, provided 
aa fairly good match with copper nitrate hydroxide (green). FTIR of the corrosion 
(nott shown) confirmed the presence of atacamite, as well as sulfates and nitrates. 
Thesee analyses do not rule out either the presence of other copper chlorides, 
includingg zincian paratacamite, nor copper sulfides. The latter, which are mostly 
blackk or brown, do not crystallize well and are difficult to identify. 

Afterr completion of accelerated weathering, XRD open architecture 
analysiss of the intact sample and of corrosion scraped from the surface showed 
somee differences from earlier powder diffraction results. Identifiable phases 
included:: cuprite (red); tenorite (black); and chlorides, including 
atacamite/paratacamitee and botallackite (green/black), and, tentatively, zinc 
chloridee sulfate hydroxide hydrate (white). Copper sulfates were not positively 
identifiedd at this point in the weathering. The substrate treated with BTA appeared 
lesss corroded after accelerated weathering, notably in terms of black corrosion. 
However,, open architecture XRD analysis of this bronze coupon yielded almost 
identicall  results, but with additional peaks at d spacing = 6.54 and 3.22 A. On the 
unweatheredd bronze, the latter peak was attributed to tin oxide; this supports visual 
evidencee that a thinner corrosion layer formed during weathering on BTA-treated 
bronze. . 

3.3.2.2.3.3.2.2. Artificially patinated, cast bronze 

Analysiss of the patinated bronze after accelerated weathering showed that 
thee patina had changed dramatically in terms of chemical makeup as well as color, 
havingg largely turned a gray-black color with a purplish reflection and light green 
spots.. The original brown remained at the sample edges only, and neither the 
originall  copper nitrate hydroxide nor the ammonium iron sulfate was detected by 
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openn architecture XRD (whole coupon, no BTA). The pattern obtained for this 
substratee had much in common with that of the unpolished bronze, except for the 
absencee of tenorite and a peak near rf=4.34 A. The latter peak may have been 
associatedd with the patina or ammonium sulfate. The metallic character of the 
blackk color also suggested the presence of sulfides. The sample treated with BTA 
againn appeared somewhat less corroded, with more brown remaining. Analysis 
confirmedd the continued presence of copper nitrate hydroxide, but revealed new, 
unassignedd peaks at d spacing = 12.59 and 4.36 A, as well as the absence of 
botallackite. . 

3.3.2.3.3.3.2.3. 50-year-old copper roof, natural and walnut shell-blasted patinas 

Openn architecture XRD analysis of an uncoated, natural copper roof patina 
couponn after accelerated weathering showed several new peaks and changes in 
peakk intensities. These results indicated new cuprite and brochantite formation, as 
welll  as some copper chlorides, including atacamite and possibly ammonium 
copperr chloride hydrate (blue). The BTA-treated coupon appeared less corroded 
inn terms of black products, and no chlorides were detected. 

Thee uncoated, walnut shell-blasted copper roof substrates appeared 
somewhatt different from the unblasted samples after accelerated weathering: 
Corrosionn was generally spottier, and there were more areas of bright green. XRD 
analysiss showed evidence of new cuprite and brochantite formation, along with a 
neww peak consistent with the presence of paratacamite or other copper hydroxy 
chlorides.. Copper chloride sulfate hydroxide hydrate was also tentatively 
identified.. On the BTA-treated substrate, chloride products were again not 
detected. . 

3.3.3.3.3.3. Coating quality 

Coatingss were examined for defects, including seeds (particulate 
contaminants),, cratering, orange peel, and solvent popping/air entrapment 
(commonlyy described as pinholing). Incralac had medium orange peel on the 
bronzee substrates, and a fine, bumpy appearance on the copper roof substrates, 
despitee efforts to avoid these defects. Wax coatings, which were applied very 
thinlyy by brushing and buffing, generally looked good, and also achieved a matting 
effectt on top of the shiny coatings. The wax-coated, blasted copper roof substrate 
wass particularly saturated in appearance, achieving a matte, fairly brown 
coloration.. The Nikolas acrylic/acrylic urethane coating showed light orange peel 
onn the cast bronze substrates, although this was largely masked by the wax topcoat. 
Muchh practice and experimentation were necessary to avoid orange peel in the 
BASFF acrylic urethane coatings, and, as reported above, a 50% reduced coating 
wass generally successful for this purpose. A small amount of air entrapment was 
notedd on the patinated bronze substrates. Seeding, visible as individual dust 
particless surrounded by small wells, was also a problem in the BASF coatings. 
Thee Nikolas waterborne coating exhibited severe solvent popping and/or air 
entrapment,, visible mostly on the polished bronze and unblasted copper roof 
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Tablee 1: 
XRDD Identification of Mineral Phases on Uncoated Substrates 

Afterr  Accelerated Weathering 

Sample Sample 

brown,, black, & 
greenn corrosion 
on n 

polished,, cast 
bronze e 

Residual Residual 
LinesLines (A) 
and and 
tentatively tentatively 
associated associated 
phases phases 

gray-black,, light 
green,, & brown 
corrosionn on 

patinated,, cast 
bronze e 

Residual Residual 
LinesLines (A) 

gray-black, , 
lightt green, & 
brownn corrosion on 
50-year-oldd copper 

roof f 

blackk & bright green 
corrosionn on 

walnutt  shell-
blastedd copper 
roof f 

IdentifiedIdentified Phases + Residual Lines (A) 

cuprite e 
tenorite e 
atacamitee (major); paratacamite; botallackite 

brochantitee (after 21 days only) 

nantokitcc (minor) 
tinn oxide** 

rf=13.O0-13.19,rf=13.O0-13.19, 10.25-10.33, 7.60-7.80, 6.90, 
6.54**,, 2.33-2.42: 

posnjakite e 
zincc chloride sulfate hydroxide hydrate (?) 
copperr zinc sulfate hydrate + other 

copper/zincc sulfate/chloride hydroxy 
hydratess (?) 

copperr nitrate hydroxide (?) 
sulfidess (?) 

cuprite e 
atacamite;; paratacamite; botallackite 

copperr nitrate hydroxide** 
copperr hydroxy sulfate hydrate (?)** 
t/=13.15**.. 12.89.6.54,4.34-4.36: 
ammoniumm sulfate (?) 
cuprite e 
brochantite e 

nantokitee (?) 
ammoniumm copper chloride hydrate (?) 

copper r 
cuprite e 
brochantite e 

paratacamite;; other copper chloride 
hydroxides s 

copperr chloride sulfate hydroxide hydrate (?) 

ReferenceReference PDF 
FileFile * 
5-0667 7 
5-0661,41-0254 4 
23-0948;25--
1427,4-0913 3 
43-1458,, 13-
0398,, 3-0282 
6-0344 4 
25-1259,4-0550 0 

43-0670 0 
41-1421 1 
13-0309,35--
0538,35-0561 1 
29-0578,, 23-
0962,, 1-0086 
15-0014 4 
26-0575,, 29-
0578,23-0958 8 
5-0667 7 
23-0948;25--
1427;4-0913 3 
15-0014 4 
20-0357 7 

41-0621 1 
5-0667 7 
43-1458,, 13-
0398,3-0282 2 
6-0344 4 
25-0262 2 

4-0836 6 
5-0667 7 
43-1458,13--
0398,, 3-0282 
25-1427,19--
0389,, 23-0953 
8-0135 5 

*formerlyy JCPDS-International Centre for Diffraction Data 
***  detected only on BTA-pretreated substrate 
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substrates,, despite following the manufacturer's recommendations for methods to 
avoidd these defects. Cratering and seeding were also visible in this coating. 

Inn a few cases, coatings showed some change in appearance after eight 
monthss of storage in controlled museum conditions. The wax coatings showed 
somee bloom, i.e., small opaque patches. The uncoated, artificial patinated 
substratess noticeably darkened and became patchy. This latter change is not 
unexpected,, according to common observation, especially for patinas formed with 
sulfidee compounds. 

3.3.4.3.3.4. Coating performance 

Totall  failure ratings after 120 days of accelerated simulated weathering 
(groupp B) are presented in Figure 3, and ratings after about one year of natural 
outdoorr weathering (group C) are shown in Figure 4. Note that three samples 
placedd on the roof unfortunately disappeared during the course of the experiment 
andd are therefore not included. See also plates II-V 

Ass described in Chapter 2, the failure ratings for sample groups B and C 
aree a product of three main components: a) coating condition, b) overall percent 
corrosionn (area corrosion), and c) mean linear creepage corrosion at the 
scribemark.. These are shown separately in the rating bars. As in Phase I, the 
ratingss should be viewed as sensitive to conservation standards, in that any 
perceptiblee visual change is significant. Thus a total failure rating of 10-20 
indicatess perceptible failure in at least one category, while a failure rating of 30-60 
(orr more) represents an unacceptable degree of failure. Good performance 
maintenancee should remain around 10 or less. The failure ratings thus obtained for 
eachh set of samples first of all illustrate that coating performance was highly 
dependentt on the type of substrate. This was particularly true of two substrates: 
thee artificially patinated bronze (II) and the walnut shell-blasted copper roof (IV). 
Onn these substrates, the coatings generally failed earlier and more definitively in 
acceleratedd weathering; outdoor weathering also supported these trends. 

Onn the artificially patinated bronze (II), coating ratings reflect above 
averagee change in the coating layer itself, particularly in terms of tiny blisters and 
peelingg in the Incralac coating (#1), NK acrylic/ urethane/wax (#3), and 
BTA/BASFF acrylic urethane/wax (#4). This may have been due to a degradative 
effectt of iron and nitrate salts from the patina, which XRD results implied were 
partlyy soluble. In addition, area and scribe corrosion ratings are relatively 
advancedd after exposure to both weathering regimes. This appears to be partly 
relatedd to poor adhesion (see discussion below). BTA pretreatment, as in coatings 
#22 and 4, had no apparent inhibiting effect, despite the positive effect of this 
treatmentt on uncoated substrates shown in XRD analysis. The overall ratings of 
thee coatings on this substrate after both accelerated and outdoor weathering are 
internallyy consistent in showing that failure was surprisingly rapid compared to 
resultss on the other substrates. Results thus confirm that the artificial patina 
surfacee itself lent instability to the coating systems. 
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Ratingss show that Incralac performed rather poorly on both the patinated 
bronzee and walnut shell-blasted copper roof substrates. After accelerated 
weatheringg on the blasted copper roof, the poor performance of both Incralac and 
thee waterborne coating is associated with pronounced scribe corrosion, despite 
goodd adhesion ratings (see Figure 8). The scribes appeared to have dark green 
haloes,, suggesting reprecipitation of the brochantite from moisture/electrolyte 
ingresss [19]. In contrast, failure in Incralac on the unblasted copper roof substrate 
iss extremely low in accelerated weathering tests. These results imply that moisture 
moree effectively penetrated into the blasted copper roof patina and probably 
lingeredd beneath the coatings. As discussed above, SEM/EDS of the uncoated 
walnutt shell-blasted surface showed aggravated porosity and non-homogeneity in 
thee patina layer, as well as markedly more pitting and/or mottling after accelerated 
weatheringg than the natural patina. This evidence indicates that the patina was less 
stablee after the blasting procedure, and provides an explanation for the trend 
towardd greater overall corrosion and failure in Incralac. and most coatings, on this 
substrate.. The failure ratings after outdoor weathering, while not showing 
advancedd failure, appear to support this trend. 

Apartt from differences in the substrates, ratings show that the BTA/wax 
coatingg failed outright on all substrates after accelerated testing. Failure was 
observedd as overall darkening and severe pitting in the form of light green, 
powderyy spots. The latter was especially noticeable on the walnut shell-blasted 
copperr roof substrate. Results after about one year of outdoor weathering show 
clearr failure in the waxed, patinated bronze sample, and suggest that samples with 
waxx coatings on the copper roof substrates were beginning to overtake most other 
coatingss in terms of failure. However at this one year mark, ratings show that the 
waxx coating on unblasted copper roof still bordered on acceptable. 

Thee waterborne coating was applied more thickly and given a wax topcoat 
inn Phase II in the expectation that performance would be boosted. Ratings show 
thatt the coating did perform better than in Phase 1 accelerated testing, but still only 
inn a mediocre to poor fashion. The coating failed dramatically on the 50-year-old 
brochantitee patina after one year of natural weathering, i.e., at an even faster rate 
thann predicted by accelerated tests. The coating looked very good on the other 
substratess at this point in the outdoor weathering, however. It is interesting to note 
thatt the waterborne coating has the best ranking of the five coatings on the 
patinatedd bronze substrate. No explanation can be offered for this, other than a 
typee of consolidation effect of the patina with this particular coating. While the 3-
coatt application clearly benefited performance of this coating, results also point to 
ann inherent weakness in the coating itself, most likely due to water sensitivity and 
difficultyy in achieving a high quality film in application (see also Chapter 5). 

Totall  failure ratings for the solvent-borne acrylic and acrylic urethane 
coatingss are mixed. Results for Incralac/wax and the Nikolas 3-part system on 
polishedd bronze and natural brochantite patina generally confirm trends observed 
inn Phase I. Both coatings performed extremely well on the unblasted, 50-year-old 
copperr roof substrate in accelerated and outdoor testing. The Incralac coating on 
polishedd bronze had clear signs of failure after accelerated weathering, however, 
whilee the Nikolas acrylic/urethane coating was very yellowed but maintained good 
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protectionn on the polished bronze. An unwaxed sample of Incralac on bronze (not 
includedd in the ratings) showed slightly more advanced corrosion after accelerated 
weathering.. The BASF coating also has a slightly better rating than Incralac on the 
polishedd bronze, despite mediocre ratings on the other substrates after accelerated 
weathering.. This coating has an excellent rating on polished bronze after one year 
off  outdoor exposure. The somewhat inconsistent performance in this coating may 
bee partly related to problems with film quality, as noted above. Ratings further 
showw that while Incralac plus wax, and the Nikolas and BASF coatings rate poorly 
afterr accelerated weathering on the walnut shell-blasted copper roof, Incralac is the 
onlyy one of these three coatings to show signs of failure after one year of outdoor 
exposuree on the same substrate. Thus, ratings show a tendency toward superior 
performancee in the solvent-borne, acrylic urethane-containing coatings. However, 
noo coating among those tested unequivocally improved on the general performance 
characteristicss of Incralac. These coatings will be further discussed in Chapter 5. 

3.3.5.3.3.5. Influence of dry film thickness and adhesion on coating 
performance performance 

3.3.5.1.3.3.5.1. Coating thickness 

Averagee dry film thickness and thickness variation for Phase II 
unweatheredd samples (group A) are shown in Figures 5 and 6. Coating thickness 
readingss for the weathered sample group B showed no significant difference and 
aree not reported. As noted in Chapter 2, the large standard deviation of coatings on 
thee copper roof substrates is due mainly to the uneven patina. Standard deviation 
inn coating thickness is also noticeably increased by brush coating. 

Resultss show that although attempts were made to keep most coatings in 
thee same thickness range, some differences in coating thickness could not be 
avoided.. This was in part due to employment of common practices, as well as the 
aestheticc requirements of the coatings, as previously discussed. For example, the 
waxx coating is significantly thinner than the other coatings and also compared to 
thee wax coatings tested in Phase I. The Nikolas acrylic/acrylic urethane/wax is 
thickerr than the other coatings. However, this coating is in the recommended 
thicknesss range and had a satisfactory appearance on the substrates. As previously 
noted,, the recommended film thickness for most coatings is 1.5-2.0 mil (38.1-50.8 
urn).. In the case of Incralac/wax and the BASF acrylic urethane/wax, much 
thinnerr coatings, around 0.6-1.0 mil (15.2-25.4 urn), resulted from efforts to avoid 
orangee peel and a glossy, "plastic" appearance. 

Comparisonn of film thickness measurements in Figures 5 and 6 with the 
totall  failure ratings in Figures 3 and 4 shows an apparent correspondence between 
poorr performance and the thinness of the BTA/wax coating. Measured at about 
0.22 mils (5.1 |um) or less, this dry film thickness is typical of normal wax 
applicationn in conservation practice and clearly represents a major drawback, since 
itss performance characteristics do not appear to make up for the thin coating. 
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However,, results in Phase I showed that even a thick coating of wax is no 
guaranteee of good performance (see Chapter 2 and [20]). Examination of the 
waxed,, polished bronzes in Phase I under magnification showed etching beneath 
thee wax after relatively short exposures in both accelerated and outdoor conditions. 

Performancee was relatively better after outdoor weathering on the copper 
rooff  substrates in Phase II, where the coating penetrated the patina to a degree and 
thuss had a greater effective thickness. Results after accelerated weathering 
indicatedd that this advantage is time limited, however. These results are consistent 
withh the notion that the wax coatings in Phase II were not only too thin to provide 
adequatee protection, but are also highly permeable coatings. 

Onn the other hand, the greater thickness of the Nikolas acrylic/acrylic 
urethane/waxx coating most likely gave this system an advantage in performance 
relativee to the other coatings. It may be noted, however, that Incralac applied on 
polishedd bronze in an equivalent thickness in Phase I still did not perform as well 
ass the Nikolas series of 3-part coatings in accelerated weathering. Thus, any boost 
inn performance that is related to the thickness of the Nikolas 3-part coating seems 
minimal.. The remaining three coatings are in a comparable thickness range, from 
0.66 to 1.0 mil (15.2-25.4 urn), which represents a typical sprayed coating thickness 
inn conservation practice. Coating thickness was therefore determined to be a major 
factorr only in the poor performance of the BT A/wax coating. 

3.3.5.2.3.3.5.2. Adhesion before and after weathering 

Resultss of cross-cut and X-cut adhesion tests for Phase 11 samples, before 
andd after accelerated weathering, are shown in Figures 7 and 8. Results for 
unweatheredd and naturally weathered samples were obtained from one sample in 
eachh category, while results for samples that underwent accelerated weathering 
weree averaged over three samples. The averaged values reflect some variability in 
thee results. Generally, differences within one unit of adhesion are of questionable 
significance.. Results for Incralac, wax, and the Nikolas 3-part coatings are again 
nott shown after outdoor weathering due to loss of the actual samples during the 
experiment. . 

Ratingss for the BT A/wax coating (#2) on all four substrates are deceptively 
highh before and after weathering, as seen in Phase I. This is due to difficulty in 
observingg cohesive failure within the very thin wax layer, as was observed in the 
thickerr coatings in Phase I and presumably predominates in wax coatings. Also, 
thee wax does not adhere well to the tape. Comparison of the total failure ratings to 
adhesionn tests shows no correlation in this case, and further supports the contention 
thatt adhesion in wax coatings cannot be measured by this method and is not a 
significantt factor. It may be assumed that while wax has good mechanical 
adhesionn on rough surfaces and can penetrate patinas, this is not sufficient to offset 
itss inherent permeability. 
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AA marked feature of the adhesion results is the general failure apparent on 
thee artificially patinated bronze surface (Figure 7). Initial adhesion of Incralac and 
thee BASF coating on the patinated bronze is good, but is poor for both Nikolas 
coatings.. After accelerated weathering, only the Incralac retains even fair adhesion 
onn this substrate, and Incralac completely loses its adhesion on this substrate after 
outdoorr weathering. As previously discussed, the artificial patina was only loosely 
adheredd to the bronze and appears to have been chemically unstable. Cohesive 
failuree within the patina layer was apparent in areas that delaminated from the 
bronze.. Here, poor coating adhesion corresponds well to coatings failure, 
suggestingg that adhesion was a major factor as well as a symptom in coating failure 
onn the artificially patinated bronze. 

Incralac/wax,, the Nikolas 3-part coating, and the BASF coating show good 
too excellent initial adhesion (with no weathering) on all other substrates. Better 
initiall  adhesion on polished bronze than seen in Phase I may be attributed to the 
slightlyy rougher finish and the use of water polishing to produce cleaner surfaces. 
However,, Incralac and the Nikolas coating exhibit large drops in adhesion on the 
bronzee surface after accelerated weathering. This is consistent with Phase I results 
forr Incralac, but not the Nikolas coating. The discrepancy in the latter case 
appearss to relate to difficulty in evaluating results when failure occurs between the 
coatingg layers. This also points to poorer coating application of the Nikolas 
systemm in Phase II than in Phase I. The BASF coating shows excellent retention of 
adhesion,, or increase in adhesion, throughout the weathering regimes on polished 
bronze. . 

Adhesionn testing results for these three coatings thus do not go hand in 
handd with their relatively good performance ratings on polished bronze. Loss of 
adhesionn in Phase II may, however, be reflected in the higher contribution of 
corrosionn in the failure rating of Incralac (Figure 3), and may ultimately forecast 
pendingg failure for both acrylic-based coatings. Good adhesion of the BASF 
coatingg appears to confirm relatively good performance after outdoor weathering, 
butt does not correlate well to the fair performance of this coating in accelerated 
testing.. These coatings are further discussed in Chapter 5. 

Initiall  adhesion ratings for the coatings on natural and walnut-shell-blasted 
copperr roof patinas (Figure 8}  are similar to those on bronze, and generally high, 
exceptt for the waterborne coating. As discussed in Phase I, this reflects good 
mechanicall  adhesion resulting from wetting and penetration into the patinas (see 
alsoo Figure 6). Incralac/wax, the Nikolas acrylic/acrylic urethane/wax, and the 
BTA/BASFF acrylic urethane/wax also retain good adhesion on the natural copper 
rooff  after weathering. Here, adhesion results appear to justify performance on the 
unblastedd substrate reasonably well in terms of reinforcement of the partially 
protective,, natural patina. Results on the blasted copper roof are less consistent, 
however,, including some loss in adhesion in the Nikolas coating after accelerated 
weathering,, and increase in adhesion in the BASF coating after weathering. Here 
noo obvious correlation to performance results exists, except in the sense of being 
unpredictable.. Other factors besides adhesion apparently dominated in poorer 
performancee on the blasted copper roof substrate, as discussed above. 
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Thee almost non-existent adhesion of the waterborne coating on the 
unblastedd copper roof samples was attributed to poorer wetting of the substrate by 
thee coating. This alone appears to predict the dramatic failure observed on the 
copperr roof sample during natural weathering, as well as in accelerated 
weathering.. On the other hand, it is interesting that the waterborne coating 
actuallyy gained adhesive strength to a small degree or even a reasonable level after 
weatheringg on the bronzes and the blasted copper roof. This did not obviously 
affectt performance, except possibly in the case of the patinated bronze, where the 
coatingg rated highest after weathering, but still poorly. An increase in adhesion 
wass also noted in the BASF acrylic urethane on blasted copper roof. These results 
suggestt continued curing of the coatings during weathering, and show that a 
correspondencee between adhesion and performance cannot be drawn alone. 
Investigationn of delayed curing is discussed in Chapter 5. 

3.4.3.4. Conclusions 
Totall  failure ratings compiled in Phase II of the study for five model 

coatingg systems on four model bronze and copper substrates highlight significant 
trendss in coating performance that are relevant to conservation practice. Results 
firstfirst of all illustrate that coating performance can be highly dependent on the 
substratee and its preparation. Two of the sample substrates, which were treated 
eitherr by adding an artificial patina or partially reducing a natural patina with a 
blastingg medium, showed overall instability that translated into poor coating 
performancee across the board in accelerated weathering tests. In the case of a 
foundry-appliedd patina, made with ferric nitrate and, most likely, ammonium 
sulfidee on cast bronze, the substrate appeared particularly unstable in terms of 
oxidation,, soluble salts, and poor adhesion characteristics. On this patina, all 
coatingss in the study failed rapidly in both accelerated and outdoor testing. 

Inn the second case, substrate preparation or treatment closely modeled a 
currentt conservation practice and entailed walnut shell-blasting of a naturally 
formedd brochantite patina on copper roofing. Substrate preparation also included 
washingg and degreasing, consistent with practice. Here, coating performance was 
alsoo noticeably worse than on polished, cast bronze or unblasted, natural copper 
rooff  patina in accelerated testing. However, outdoor testing results were less 
decidedd in showing a trend toward decreased performance characteristics in the 
coatings.. SEM and XRD analysis of the uncoated, blasted copper roof substrate 
beforee and after weathering supported the conclusion that the substrate was more 
pronee to corrosion after blasting. This appeared to be the result of increased 
porosityy and fissuring in the patina structure itself, as well as possible oily residue 
leftt from the blasting medium. These results support a picture of coating 
performancee which was compromised by slightly increased susceptibility to 
corrosionn on the blasted copper roof, and greatly increased instability on the 
artificiallyy patinated bronze. Accelerated simulated weathering methodology 
exaggeratedd and emphasized these results, and was interpreted to give a predictive 
picturee of coating performance on these types of substrates. 
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Failuree ratings of the coatings also showed trends within coating types that 
aree relatively independent of the substrates. The microcrystalline wax blend 
coatingg applied thinly over a BTA-treated substrate, according to common 
practice,, showed markedly inferior performance characteristics in general. In this 
case,, coating performance clearly suffered from the thin application. Accordingly, 
thee coating showed better performance after one year of outdoor weathering when 
itt saturated an existing patina and effectively worked in tandem with the semi-
protectivee mineral crust. In accelerated weathering, this wax/patina advantage was 
lost,, though. Building on results from a thicker wax coating used in Phase I, it can 
bee concluded that the wax coating is a poor barrier to acid rain-type exposure at 
differentt thickness, and does not provide significant protection in outdoor 
exposuress except as a patina reinforcement for a limited period of time. 

Thee other coating that exhibited general problems on all of the substrates 
wass the waterborne acrylic urethane dispersion. In this case, adhesion testing on 
mostt substrates revealed significant problems that were not solved by the thicker 
applicationn and wax topcoat (compared to Phase I). This was most clearly 
demonstratedd on the natural brochantite patina, on which the coating showed very 
poorr adhesion and also dramatic failure in accelerated testing after only one year in 
outdoorr exposure. In this case, poor adhesion may be due to surface tension 
effects,, and poor wetting and film formation characteristics, within the partially 
saturatedd mineral phase. The appearance of the samples after weathering also 
indicatedd that moisture effectively penetrated beneath the coating. It is interesting 
thatt these problems were not as marked on the blasted copper roof substrate 
subjectedd to outdoor weathering. However, accelerated testing results appeared to 
confirmm that the coating has inherent properties that lead to ineffective protection 
fromm acid-rain type exposure on all of the model substrates in this study. 

Whilee analysis of average dry film thickness and adhesion greatly aids in 
explainingg coating behavior (and in designing improved behavior), it is clear that 
thesee factors do not predict coating performance by themselves. This is simply 
becausee so many factors come into play in coating performance. In Phase II of this 
study,, the combination of thickness measurement, adhesion testing, and combined 
failuree rating of model coating systems, with and without weathering exposures, 
allowedd assessment of five coating systems for use in the outdoor bronze 
conservationn field. This assessment shows close relative rankings, within a margin 
off  variability, for three coatings on most substrates, where: Nikolas acrylic/acrylic 
urethanee + wax > Incratac + wax « BTA + BASF acrylic urethane + wax. It 
remainss to be seen whether other methods of application would allow the 
inherentlyy superior durability properties of the acrylic urethane-containing coatings 
too be translated into much better system performance than was witnessed with the 
Incralac/waxx coating. It is clear, however, that these three coatings belong to a 
mediumm to high performance category, while the wax and waterborne coatings 
belongg to a separate, comparatively low performance/high maintenance category. 
Thiss study also suggests that with further coating development and use in the field, 
thee two solvent-borne acrylic urethanes are viable low maintenance coatings for 
usee where Incralac or wax do not meet performance criteria. 
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afterr accelerated weatherin 

Platee II  Phase II, polished bronze Set I A turnsfathered, left) and IB, after accelerated 
weathering,weathering, with coatings #1-5, and uncoated controls. 

Platee II I  Phase II. patinated. cast bronze. Set IIA (unweathered. left) and I IB, after 
acceleratedaccelerated weathering, with coatings #1-5, and uncoated controls. 
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Platee IV Phase II, 50-year-old copper roof Set III  A (unweathered, left) and IIIB. after 
acceleratedaccelerated weathering, with coatings #1-5, and uncoated controls. 

Platee V Phase II. walnut shell-blasted copper roof Set IVA (unweathered. left) and IVB, 
afterafter accelerated weathering, with coatings #1-5, and uncoated controls. 
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