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Executive Summary

The ultimate goal of this three-phase research project was to develop new coating
strategies through an increase in understanding of how coatings for cutdoor bronze
sculpture and ornamentation work and fail. The immediate objective of Phases IT and IT1
of the project was to determine the weathering performance of five medium to high
performance coating systems, previously tested in Phase I, on four typical bronze or
copper-alloy substrates. The evaluation of these metal/coating systems, spread over the
second two phases of the project, included chemical, physical, and electrochemical
impedance methods after both accelerated and natural weathering. Overall failure ratings
were compiled through visual evaluation of various properties according to appropriate
ASTM standards, combined with digital analysis of corrosion afier weathering. In this
report, recommendations concerning protective coating options and practices as they
relate to outdoor bronze sculpture and ornamentation are based on overall performance
ratings and analytical results of Phase II samples.

Introduction

Every outdoor bronze work of art is a unique case scenario, that is, has its own
history in terms of materials, manufacture and outdoor exposure. Thus, it is unrealistic to
expect that one solution may exist to universally satisfy the aesthetic requirements and
protective function of coatings for outdoor bronzes. Yet, these expectations are often
encountered in the fields of art and conservation. Furthermore, the conservation
approach to metal objects in outdoor exposures must be based on a different set of criteria
than that relied upon for indoor museum objects. This is because exposure to aggressive,
polluted outdoor urban environments in which bronzes are often found may subject these
materials to chemical/electrochemical instability, often resulting in disfiguring changes in
appearance. In many cases, visual changes are unforeseen by the artist. Thus,
conservative notions of non-aggressive intervention in the fate and appearance of an
object must often be abandoned if an object is to be protected and preserved.

In the final analysis, surface preparation, coating choice, and maintenance
planning remain the subjective property of conservators, who, with curatorial and
scientific input, must find a difficult middie ground of an aesthetically acceptable option
that does not compromise the object in terms of stability in the harsh setting of outdoor
urban environments. The coupling of corrosion science, polymer science, and interfacial
chemistry, along with aesthetics, render the subject of coatings for outdoor bronze




sculpture and ornamentation complex and difficult to approach for conservators and
scientists alike. At best, one may hope to identify and reach a better understanding of the
relative roles of different factors in coating appearance and durability in the outdoor
environment. For this reason, the present study has paid particular attention to the
interplay of adhesion, thickness, coating quality, and pretreatment with the corrosion
inhibitor BTA in overall performance. Other factors, such as coating permeability and
bulk coating composition, have also been considered. The picture painted by this
research serves in one sense to underline the complexity of this network of factors. It is
hoped that the research will serve as an aid to finding the “weak link™ in systems
comprised of bronze, an organic coating, and outdoor exposure conditions, and thus to
aid in informed decisions about appropriate coating strategies.

This research project has been comprised of three phases. In Phase I, 29 different
coatings systems were weathered on two types of substrates: polished, cast monument
bronze and 50-year-old copper roof. The latter substrate was chosen as an excellent
example of a natural, brochantite patina. These patinas cannot be reproduced exactly in a
laboratory and are essentially the same as those formed on bronzes. Weathering of the
Phase I samples was both natural, on the roof of the National Gallery of Art, and
accelerated in the laboratory using UV exposure and an acid rain-type solution, coupled
with cyclic, broad range exposures of temperature and humidity.' This type of
accelerated weathering was modeled on methods used in the automotive industry.

In Phases II and III of the project, five of the coatings deemed most viable were
chosen for further study in a new round of natural and accelerated weathering on an
expanded range of substrates. The substrates are: a) polished, cast bronze; b) artificially
patinated, polished, cast bronze; c) 50-year-old copper roof; and d) the same copper roof
material after walnut shell-blasting. The five coatings systems are: 1) two coats of
Incralac with a wax topcoat, 2) benzotriazole (BTA) pretreatment plus wax, 3) an acrylic,
acrylic urethane, and wax layered system (G.J. Nikolas & Co. coatings), 4) BTA
pretreatment with BASF acrylic urethane and wax topcoat, and 5) a two-coat Nikolas
waterborne acrylic urethane plus wax. By choosing a small number of representative
substrates and coatings for study, Phase IIT of the research focused on the importance of
substrate preparation and substrate composition in the choice of a protective coating.
Results in Phases 11 and I0I also seek to repeat and clarify results of Phase I. The present
report should be considered as an extension of Phase II results and conclusions, contained
in the “Final Report to the National Center for Preservation Technology and Training
1997 Grant Program.”

Experimental Methods

Sample Preparation and Testing

The complete description of all Phase II sample materials, their manufacture,
analysis, and preparation, as used in Phase ITI of this study, is contained in the 1997 Final
Report. All coatings were applied according to normal conservation practices. The
following is a summary of pertinent information about composition and manufacture of
the coatings. Incralac, manufactured by StanChem, Inc., is an unpatented formulation
made from Acryloid B-44, a thermoplastic methyl methacrylate copolymer; the corrosion




inhibitor benzotriazole (BTA); and a silicone oil. The wax used in this study is
formulated by Nicolas Veloz, an outdoor sculpture conservator. 1t is a blend of about
75% Bareco Victory Wax (microcrystalline, synthetic, low melting point wax), plus
Bareco Polywax 2000 and 500 (polyethylene microcrystalline waxes), and Petronauba C,
an oxidized polyethylene wax. This coating has no BTA. All waxing consisted of two
brush coats followed by light buffing. The Nikolas 11565 Qutdoor Lacquer is a
“modified acrylic” lacquer designed for exterior brass and bronze, and is supplied ready
for use. The manufacturer reports that this coating contains BTA as well as UV
absorbers. Nikolas 9778 Exterior Uralac is a room temperature cure, two-component
acrylic urethane developed for exterior lighting, exterior hardware, automotive trim,
exterior signage, and sporting goods, including gold-plated, brass, and silver-plated
metals. The manufacturer confirmed that this coating contains BTA and other UV
absorbers. BASF Glassodur-MS Top Clear 923-85 is a two-component, high solid
acrylic urethane formulated from a proprietary acrylic copolymer crossiinked with a
trimer of hexamethylenediisocyanate (HDI). The manufacturer reports that this coating
contains BTA. Nikolas 11560 Eco-borne Brass Lacquer is a one-component, waterborne
acrylic urethane. The manufacturer confirmed that the coating contains BTA, but no
additional UV absorbers.’

The description of the accelerated weathering protocol for sample set B can also
be found 1n the 1997 NCPTT report. Phase II, sample set C was naturally weathered on
the roof on the National gallery for just over one year. The samples were placed facing
due south at a 45° angle according to ASTM G7. Adhesion testing and dry film thickness
determination were done in accordance with ASTM standards D3359 and D1400,
respectively. This testing protocol is also described in the 1997 NCPTT report.

Overall Performance Ratings

Coating performance was first assessed on the weathered samples through visual
evaluation. The visual ratings were broken down into the following categories: a) texture
change (including surface spotting/ etching), b) flaking/peeling, c¢) hazing or whitening,
d) blistering/ cracking/ checking (ASTM D714, D660), €) color change. Each of these
categories were ranked on a scale of 0-5, where: O=not present; 1=barely noticeable;
3=noticeable; 4=very noticeable; 5=dramatic. Color changes on weathered and
unweathered samples was measured by a HunterLab Ultra Scan XE spectrophotometer.
The color change was identified using the delta E cmc system, which calculates changes
in terms of perceptible color. Because color change during weathering of a clear coating
over metal involves change in the coating as well as the metal surface, and is therefore
highly complex, visual analysis was found to be the superior method of evaluation. The
color data measured with the spectrophotometer, as well as the digital image analysis
results, were used as aids in the visual evaluation of color ratings.

Digital imaging and analysis were performed to assess overall corrosion and to
measure corrosion at the scribemark on all of the weathered samples. Photographs of the
bronze and copper plates were captured and then scanned as 32-bit images. All of the
images were taken with a color strip and ruler within the frame of the photograph. The
Scanalytics, Inc. software program IPLab for Macintosh, version 3.2, was used to
quantify the percent corrosion on each plate, as well as at the scribemarks. For corrosion
analysis, the software defines a selected area of the image on the weathered plates




according to the color parameters red, green, blue, yellow, magenta, cyan, hue, intensity,
saturation, or value. Up to three of these parameters can be combined to define a specific
color. However, this is also a limitation of the program, since the range of colors found
on the different samples is quite varied, and the corrosion is not uniform, thus defying
general definition by only three parameters. In addition, the metal plates themselves may
contain mottled surface coloring and colors similar to those in the corrosion. It was
therefore necessary to individually tailor the color parameters on each coating and
substrate for corrosion identification. However, even with these modifications, it was
found that significant error remained in the quantification of overall corrosion by digital
analysis, except in the case of polished bronze. Therefore the scale defined in ASTM
D610 was used to determine the percent corrosion over the entire surface in place of
digital analysis results. However, the digital images were found to be very good aids in
judging percent corrosion in this manner. Percent overall corrosion, which did not
exceed 33% on our coated samples, was added straight into the rating as a numeric
percent value (allowing that 50 was a maximum value).

Mean linear corrosion at the scribemarks was measured by digital image analysis,
and reached a maximum mean of 3.76 mm for these samples, although some maximum
values ranged close to 16 mm. For the digital analysis of scribe corrosion, a one-pixel
line was drawn down the center of each incision of the “X” scribe. A “measure length”
function was used to draw a perpendicular line from the inscribed line to the edge of the
scribe corrosion. This was done on either side of the inscribed line at eleven evenly
spaced positions, totaling 88 readings per plate. The mean length of the lines was
calculated by the software and converted into millimeters. In order to normalize values
to a 1-25 scale for the overall failure rating, measured values were multiplied by a scalar
of 6.25. This method was found to greatly increase the accuracy of scribe corrosion
meastrement.

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is ongoing at North Dakota State
University on a set of coated, polished bronze samples which had already undergone
accelerated weathering at the National Gallery of Art (Phase I1, set B), as well as a set of
unweathered, coated polished bronze plates (Phase I, set A). For the latter samples, the
most evenly coated areas were chosen for measurement; after an initial set of readings,
measurements have been subsequently taken on the same spot between cycles of
accelerated weathering. The coupling of an accelerated test method with EIS provides
analysis of the coating breakdown during weathering. The weathering pattern consists of
a two-week cycle, fashioned according to ASTM D 5894-96 Standard Practice for Cyclic
Salt Fog/UV Exposure of Painted Metal (Alternating Exposures in a Fog/Dry Cabinet
and a UV/Condensation Cabinet). In the first week, the samples are placed in a QUV®
cabinet where they are exposed to four hours of exposure to 340 nm UV-A at 60 °C,
alternated with 4 hours of condensation at 50 °C, In the second week, the samples are
placed into a Prohesion® Chamber that cycles between one hour of salt fog at 25 °C and
one hour of no fog at 35 °C. The salt fog used for weathering is dilute Harrison’s
solution (0.35 wt. % (NH4)2SO4 and 0.05wt. % NaCl in H,O). EIS measurements are
taken twice a week using a Gamry Instruments PC-3 Potentiostat. The EIS
measurements are taken using a removable 1.5 inch (outer diameter) glass tube with an o-




ring clamped to the bronze plate. The glass tube is filled with the dilute Harrison’s
solution, and a saturated calomel reference electrode and a platinum counter electrode are
immersed into the solution. The amplitude applied to the system is 5 mV, and the
frequency range is from 0.1 Hz to 10,000 Hz.

Removability

Removability tests were conducted on Incralac on the various substrates with and
without weathering according to established protocol, as follows. Mixtures of
cyclohexane and toluene were applied to the film surface with cotton swabs.
Approximate solubility of the Incralac film was determined by using a mixture consisting
of 1 ml of the less polar solvent and a quantity of the more polar solvent added in 0.1 ml
increments from O to 1 ml. Subsequently, a more accurate test involved using 4 ml of the
less polar solvent with the incremental addition of the more polar solvent once again in
0.1 ml amounts. This process was continued until reaching a point at which the Incralac
adhered to the cotton fibers. Rather than touching the entire swab to the paint surface,
three to five fibers were teased from the cotton wool and left trailing from the swab tip.
Only the trailing cotton fibers were allowed to rest on the film surface, thus minimizing
mechanical removal of the material. A topcoat of wax, whenever present, was removed
by gently wicking it away from the spot to be tested using a cotton swab wetted with
cyclohexane. The mixture at which dissolution of the coating first occurred was reported
in terms of the solvent strength. Solvent sirength, in the absence of a third solvent such
as acetone, is simply the percent toluene in the cyclohexane/toluene mixture.

Infrared Speciroscopy and Ellipsometry

Reflection-absorption infrared spectroscopy (RAIR) was performed on thin films
of Cu(T)BTA formed on rolled bronze by immersion in solutions of either a) 1.5 wt.%
BTAH/ethanol, b) 3.0 wt.% BTAH/ethanol, or ¢) 1.5 wt.% BTAH/water. For this
purpose, a Bio-Rad Digilab FTS-60A Fourier transform infrared spectrometer fitted with
a Harrick versatile reflection attachment for center-focused beam and a retro-mirror
accessory, plus a wire-grid polarizer set for parallel beam polarization, were used. The
angle of incidence of the parallel-polarized beam was in all cases 78 degrees. Samples
were purged with dry air for 10-20 minutes in order to minimize the absorption of
atmospheric moisture. The specira were obtained from an average of 1024 scans at a
resolution of 4 cm™ and recorded in absorbance. The final surface reflection spectrum
for each sample was obtained by digitally subtracting a spectrum of the cleaned bronze
sample taken before immersion in the BTAH solution and placed with the same geometry
in the accessory before and after treatment. In cases of very long immersion in BTAH
solutions, sample spectra were also produced by subtracting that of a new, freshly
scanned, untreated rolled bronze coupon. In some cases, the latter results were superior
and were utilized in the reported data. Absorbance at 745 cm™ was calculated by the
WIN-IR software from the maximum height of this peak to a baseline drawn between 835
to 729 cm™.

Solutions of BTAH (Aldrich, 99%) were made with HPLC-grade ethanol or
millipore, distilled and deionized water. The pH of aqueous BTAH solutions was 5.30.
Solutions were made at least 12 hours prior to use. The rolled bronze was manufactured
by Lubaloy Co.; it is spring-tempered, 425 bronze, 0.016 gauge. The alloy composition




is: 88.5% Cu, 9.5% Zn, 2% Tin. Rolled bronze samples were prepared by polishing with
a series of Micro-mesh cloths (6000, 8000, and 12000 mesh). A small group of samples
were polished starting with 2400 mesh for improved results. The polished samples were
wipe-cleaned first with “Acryli-clean” (PPG Industries, Inc.), then wiped and rinsed with
HPLC cthanol several times until substrates passed the water-break test. Small pieces
were cut from the polished, cleaned metal, immersed into the appropriate BTAH solution
for the prescribed length of time, and then immediately rinsed in an ethanol bath for 5
minutes, followed by rinsing with a stream of ethanol and air drying.

Ellipsometry was performed on the experimental Cu-BTA films at the University
of Cincinnati using a Rudolph Research Inc. Thin Film Ellipsometer, type 43603-200E.
Film thickness was calculated from measurements of the delta and psi parameters using a
film refractive index of 1.6. In this method, an uncoated bronze coupon served as the
background, so that the thickness of the natural cuprous oxide layer was subtracted from
Cu-BTA thickness measurements.

Attenuated total reflection (ATR) spectroscopy is ongoing and has been used to
further investigate the polymer/metal interface of selected coatings. For this purpose, the
coating was delaminated from the metal substrate by immersion in liquid nitrogen, or
simply peeled off when possible after accelerated weathering. ATR was performed with
a Harrick 4x beam condenser fitted with a delrin holder for SPP crystals with faces
measuring 10 x 5 x 1 mm. The IRE crystals used in this study were KRS-5 45°, KRS-5
60°, and Ge 45°. Calculated depths of penetration for these crystals were, respectively,
2.92, 1.56, and 1.53 micrometers.” For samples that were smaller than the crystals,
multiple samples were placed together on the holder and exposed areas were masked with
aluminum foil. ATR spectra were corrected for wavelength dependency using the
“atrcorr.ab” function in the Grams 32/Win-IR software.

Gas Chromatography

Gas chromatography analysis was performed on extract from size AD 3B English
walnut shells, the copper patina, and the walnut shell-blasted copper patina. Each of the
samples was immersed in methylene chloride to extract the fatty acids and left overnight.
The solvent was pulled off, filtered through a 0.45um filter and dried with a nitrogen
stream. According the methods of White and Pile, 25pL of TMTFTH
(m-trifluoromethyl) phenyltrimethylammonium hydroxide, 5% in methanol) was added
to the remaining solute in order to derivatize the sample for GC analysis.® This reagent
converts fatty acids, in free acid and glyceride ester forms, to their methyl esters. One pl
injections were made into a Perkin Elmer Autosystem GC, in splitless mode, with a
Restek Rix-1 column and flame ionization detector. The temperature was programmed at
50°C for 0.5 minutes, then increased at 25%min to 100°, and then at 6°/min to 280°, held
for 5 minutes. The injector temperature was 300°, and the detector temperature was
325°. Data was processed using Turbochrome sofiware.




Resulis and Discussion

Overall Failure Ratings

Subsequent to accelerated weathering, preliminary overall failure ratings of Phase
I1, set B samples were compiled for the 1997 NCPTT Final Report.” This report also
includes failure ratings for Phase I, set C samples, i.e., after 1.5 years natural outdoor
weathering. These ratings were determined by combining individual corrosion and
coating ratings according to set criteria from appropriate ASTM standards. The
component ratings were weighted to best correspond to empirical rankings. Adhesion
ratings before and after accelerated weathering, and dry film thickness, were also
reported in the 1997 report. In this report we present revised failure ratings for all Phase
I samples. These failure ratings are similar, but now based on the resuits of digital
image analysis combined with visual evaluation. The revised ratings are also compared
to electrochemical impedance tests for the samples on polished bronze. Revised overall
failure ratings for Phase II samples after 120 days accelerated weathering (set B) are
shown in Figure 1, and after about one year natural, outdoor weathering (set C) in Figure
2. Note that three samples placed on the roof from the polished bronze series disappeared
during the course of the experiment and are therefore not represented. Since natural
weathering was not much progressed after one year in most cases, description of these
samples is included in Table I. Photographs of the naturally weathered samples are also
attached.

The failure ratings for sample sets B and C are a product of three main
components: a) coating condition, b} overall percent pitting corrosion, and ¢} mean linear
creepage corrosion at the scribemark, All visual evaluation was rated in terms of change
after weathering, as described in Experimental Methods. In this formuiation, the
maximum possible coating failure comprises 25% of the total fatlure rating, overall
pitting corrosion comprises 50%, and scribe corrosion comprises the remaining 25%, for
a total possible score of 100%. This weighting arose empirically and matches that used
in the preliminary failure ratings. Overall corrosion was weighted more heavily since this
type of failure ultimately represents inability of the coating to protect the substrate. It is
felt, however, that overall corrosion more directly relates to permeability properties of the
coating, although it does not represent the whole picture. The scribe corrosion appears to
more directly correspond to adhesive properties of the coatings by exposing the interface
between the coating and the substrate. The coating condition represents aesthetic
problems that may arise upon weathering, such as color change or whitening, as well as
evidence of more fundamental property changes, such as blistering or cracking. The
latter may be preludes to corrosion and peeling.

Digital images and analysis of Phase II control samples (unweathered), plus the
Phase II samples after weathering, are described in Experimental Methods. It was
necessary to write individual algorithms for each of the four types of bronze and copper
roof substrates in order to analyze the samples. Due to difficulty in defining overall
pitting corrosion on the various substrates with the software, the digital images were used
mainly as an aid to obtain the ASTM D610 standard value for percent overall pitting
corrosion. This combined method resulted in considerably improved ratings over the
ASTM method, using the eye with or without magnification. On the other hand, the
digital image analysis produced precise measurement of mean linear creepage corrosion




at a scribemark; these results were normalized to an appropriate scale, then used directly
in the overall failure ratings.

(General Observations

This rating process led to relatively low overall percent failure ratings, since none
of the coatings failed across the board in all categories. The ratings should thus be
viewed as sensitive to conservation standards in that any perceptible visual change is
noteworthy. In this respect, a failure rating of 10-20 indicates perceptible failure in at
least one category, while a failure rating of 40-50 (or more) clearly represents an
unacceptable degree of failure.

As seen in both Figures 1 and 2 where results are grouped by substrate, coating
performance was highly dependent on the type of substrate. This is particularly true of
two substrates: the patinated bronze and the walnut shell-blasted copper roof. In these
cases, especially the artificially patinated bronze, coatings generally performed worse in
both accelerated and natural weathering tests. On patinated bronze, the three worst
performers in accelerated weathering, i.e., the BTA/wax, acrylic/acrylic urethane/wax,
and BT A/acrylic urethane/wax, show above normal change in the coating layer itself,
particularly in terms of blistering, as well as a large amount of peeling and scribe
corrosion. This may be due to a possible degradative influence of the patina’s iron and
nitrate salts on the coatings, as well as to corrosion-induced de-adhesion. The BTA
pretreatment, when present, has no apparent effect on inhibiting oxidation of the surface.
The untreated, uncoated patinated bronze surface was even observed to oxidize to
blackish colored products in room conditions. In addition, scanning electron microscopy
of the artificial patina on bronze samples” previously revealed a patchy, finely cracked
mineral layer, which undoubtedly contributed to poor adhesion in the system. The patina
in fact appeared to be loosely adhered to the bronze, since the top surface was rubbed off
a small bit when cleaning with a paper towel. The substrate itself may thus be said to be
unstable for coating.

On the walnut shell-blasted copper roof, other than the wax the poor performance
of coatings rose in part from scribe corrosion. The scribes mostly appeared to have dark
green haloes, suggesting reprecipitation of the brochantite here from moisture/electrolyte
ingress.” Adhesion of the coatings, as measured at room conditions, did not appear to be
much impaired, however (see Figure 4). The implication is that adhesion under wet
conditions was poor in these systers. As reported previously,'® scanning electron
microscopy /energy dispersive spectroscopy (SEM/EDS) of the walnut shell-blasted
surface showed an aggravated porosity and non-homogeneity in the patina layer, as well
as the new presence of carbonaceous material. Evidence in the analysis of this substrate
was conflicting in terms of the presence of residuval oil from blasting, however. The
presumed residue of walnut oil from the blasting could not be confirmed either by FTIR
of the patina nor by gas chromatography (GC) of patina extracts. While GC positively
identified walnut oil from extractions of the shelis used for blasting, results from patina
extractions both before after blasting contained many acids, so that positive identification
of walnut oil was not possible by this method. In either case, the above evidence
indicates that the substrate was significantly destabilized in terms of corrosion potential.

Apart from differences in the substrates, one may generalize that both the
BTA/wax coating and the waterborne acrylic urethane performed poorly or in a mediocre
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fashion on all substrates after accelerated testing. It was noted that the wax coating
performed relatively better on the unblasted, 50-year-old copper roof substrate in both
accelerated and natural tests. This may be ascribed to the ability of the wax to penetrate
into and mechanically adhere to the natural mineral patina, making a more effective
matrix (see Final Report, 1997). In this way the wax may actually fortify the existing
protection of the natural patina, making it more resistant to acid rain. The drawbacks of
waxing an existing patina are, however, not to be discounted. These may include
significant color change of the object, difficulty of future removal, and significant
accretion of dirt and soot in the outdoors. Although not evidenced on these samples, wax
coatings are also infamous for developing whitened areas that may flake off. This
behavior was noted on thicker wax coatings of the same material used in Phase I (see
Final Report, 1997).

On the remaining substrates, BTA/wax coatings had the above drawbacks plus
allowed severe overall pitting corrosion in the form of light green, powdery spots to
develop. This result was especially remarkable on the walnut shell-blasted copper roof
substrate, where removal of a significant portion of the natural patina apparently resulted
in a vulnerable surface on which the wax coating provided entirely insufficient
protection.!! Furthermore, results after slightly more than one year of outdoor weathering
show that the waxed samples (excluding the absent polished bronze) are beginning to
pick up in signs of deterioration. Upon examination under magnification, the waxed,
polished bronzes in Phase I showed etching beneath the wax after relatively short
exposures in the outdoors. The Phase I samples, despite a much thicker wax coating of
the same material, also performed poorly in accelerated and natural weathering. >

Overall failure ratings also show that the solvent-borne acrylic urethane coatings
generally performed well across the board, except on the patinated bronze substrates.
The good performance may be attributed to low moisture and ion permeability, as well as
excellent overall durability of the crosslinked coatings. Incralac with a wax topcoat also
performed fairly well on two of four substrates: the polished bronze and the 50-year-old
copper roof. This was despite mediocre adhesion and fairly thin coating application.
Thus it can be said that all of the lacquer-type coatings in this study performed
reasonably well on these substrates under the accelerated and natural weathering
conditions used here.

The waterbome acrylic urethane coating, although boosted in thickness in this
study, did not perform well in general and failed dramatically on the 50-year-old
brochantite patina afier one year of natural weathering, i.e., at an even faster rate than
predicted by accelerated tests. The latter case appears largely attributable to the
extremely poor adhesion measured on this substrate vs. the others. However, this coating
was a mediocre performer in all cases, regardless of substrate. This points to an inherent
weakness in the coating itself, such as too great an affinity for meisture/electrolytes
arising from residual water in the coating, as well as generally poor coating quality,
which could not be avoided despite following manufacturer’s recommendations during
application.”> ATR spectra of this coating on polished bronze before and after
weathering (not shown) show small relative increase in the free —OH stretch region, near
3535 wavenumbers, apparently confirming the uptake of moisture in the coating near the
metal surface.
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Comparison of Failure Ratings to Dry Film Thickness and Adhesion

Comparison of the overall failure ratings and results of film thickness
measurements (Figure 3-4)," shows a correlation to poor performance of the BTA/wax
coating, which is a much thinner coating than the others: 0.2 mils or less. This thickness
is typical of normal wax application in conservation practice, and may be said handicap
its performance potential. Although the Nikolas acrylic/acryiic urethane/wax coating was
applied somewhat more thickly than the others, and thus could have received a slight
boost, this effect is not readily apparent. The remaining three coatings were in a similar
thickness range, from 0.6 to 1.0 mil, which represents a typical sprayed coating thickness
in conservation practice. Coating thickness was therefore determined to not be a major
factor in the performance of our samples outside of the BTA/wax coating. As previously
mentioned, however, application of thicker wax coatings such as studied in Phase I did
not improve perform markedly.

Comparison of the overall failure ratings to adhesion tests of coatings before and
after weathering (Figures 5-6) shows that the excellent measured adbesion of the
BTA/wax coating had relatively little effect on its performance. The adhesion test results
for wax appear to be an artifact, however, because the wax has very poor cohesive
strength, but is so thin that any de-adhesion within the wax layer itself is difficult to
observe by this method. Thus, measurements are artificially inflated. While the wax is
excellent at forming mechanical adhesion on rough surfaces, this type of adhesion is not
sufficient to offset the porosity of the wax coating, which allows access of an electrolyte
such as acid rain or Harrison's solution to the metal surface.

The adhesion bar graphs also show that significant losses in adhesion occurred on
patinated bronze during weathering of the acrylic and solvent-borne acrylic urethane
coatmgs. This clearly accounts for a good deal of failure not seen on the other substrates,
although it is unclear whether this dynamic loss of adhesion contributed to poor coating
performance as a cause or effect. As previously mentioned, the artificial patina was only
loosely adhered to the bronze, also contributing to the generally poor adhesion of the
coatings before and/or after weathering and causing cohesive failure within the patina
layer. This was apparent in areas that delaminated from the bronze and were seen to have
the patina stuck to the delaminated side of the coating.

The almost non-existent adhesion of the waterbome coating on the copper roof
samples may be due to poorer wetting of the coating on this substrate, which would result
in little or no penetration into the patina.'” The poor adhesion in large part predicts the
dramatic failure observed on the copper roof sample during natural weathering. On the
other hand, it is quite interesting that the waterbome acrylic urethane on both the bronze
substrates and the blasted copper roof actually gained some adhesion during weathering,.
This appears to explain the somewhat better performance of the waterbome acrylic
urethane relative to the others at least on the patinated bronze. An explanation for the
increased adhesion in these cases could be an interaction between the coating and
metallic ions, causing increased curing or other strengthening properties. This should be
investigated in future work.

Incralac and the Nikolas acrylic/acrylic urethane showed loss of adhesion on
polished bronze with accelerated weathering, but this did not appear to affect their
performance significantly, at least not at this point in the weathering. In the case of
Incralac, ATR spectra of the polymer/bronze interface before and after weathering
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confinn that chemical changes may occur at the metal/coating interface during
weathering. As shown in Figure 7, a broad shoulder centered near 1690 wavenumbers is
developing during weathering. This indicates the formation of carboxylic acids and
carboxylate salts near the metal surface, which most likely account for corrosion-induced
de-adhesion and forecast future problems.

Removability

Removability tests were performed for Incralac on the various substrates. In
particular, information regarding any change in removability with weathering was sought.
Results indicated that 11-13% toluene (in a toluene/cyclohexane mixture) was necessary
to dissolve the Incralac on all of the bronze or copper sampies, both with and without
accelerated weathering. In other words, no significant increase in the polarity of the
solvent was necessary to remove the coating after weathering on any substrate examined.
Contrary to expectations from some reports in the literature,'® this suggests that no
significant amount of crosslinking has taken place in the Incralac coating in any of these
samples. The only difference noted in the tests was a slightly lower solvent strength (9%
toluene) for dissolution of Incralac on a glass slide vs. on a copper alloy substrate. This
result suggests that the copper substrate itself has some effect on the formation of an
Incralac film, causing slightly greater end solids, greater entanglement, and/or greater
order. The only difference noted in the tests was a slightly lower solvent strength (9%
toluene) for dissolution of Incralac on a glass slide vs. on a copper alloy substrate. This
result may be related to evidence of trapped toluene molecules still present in a one-year-
old Incralac film on glass.!” This suggests that the copper substrate itself has some effect
on the formation of an Incralac film.

EIS of Phase IT Samples

Electrochemical test methods, primarily EIS, have recently moved center stage as
important tools for the quantitative characterization of coatings on metal substrates.'®
EIS is particularly valuable for the rapid ranking of coatings and prediction of future
performance. In EIS, a given range of frequencies of alternating voltages is applied to an
electrode, which in this case is the coated metal plate. The system may be defined by an
equivalent circuit, in which the particular metal and coating represent various circuit
elements, such as capacitors, resistors, and inductors. The measured time lag between the
excitation (V(t)) and response signal (I(t)) is said to arise from characteristic types of
frequency absorption or response to the applied voltage and the electrolyte. The
impedance of the angular frequency is equal to the ratio V(t)/I(t), and the impedance
modulus is a sum of the real and imaginary impedance. The Bode plots in Figures 8 and
9 (discussed below) show the impedance modulus |Z| (ohms) vs. frequency (Hz). EIS is
being used in this study as a parallel method of coating evaluation.

Interpretation of Bode plots presents a valuable picture of dynamic changes taking
place in the coating/metal system during progressive weathering and reveals a wealth of
information about the coating itseif. Low frequency impedance is thought to arise mainly
from resistance to wetting at the metal surface beneath the coating pores; loss of
impedance at the low frequency end is then interpreted as loss of wet adhesion, i.e.,
replacement of adhesive bonds with moisture.'” According to Funke and others,”® wet
adhesion should be considered distinct from dry adhesion, which is known to be a
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relatively poor predictor of coating performance in the presence of water. Thus, at low
frequency, the impedance can be considered a measure of the coating’s resistance to the
electrolyte, so that higher impedance values indicate a more protective ability of the
coating in general.

Other interesting features of the Bode plots are the high frequency response and
the shape of the impedance curve. Decreases or flattening in the slope of impedance vs.
frequency may be interpreted as increasing non-homogeneity in the coating, such as the
formation of microcracking, while decreases in the impedance modulus at the high
frequency end are thought to indicate increasing porosity in the coating.”' In addition,
increases in impedance modulus with weathering are commonly interpreted as the
formation of new corrosion or other passivating layer.

Preliminary EIS work was previously conducted on five polished, cast bronze
samples from Phase I. The five coatings tested were: a waterbome acrylic urethane
(StanChem, Inc.), Incralac, Incralac + wax, BTA pretreatment + Incralac, and BTA
pretreatment + wax. Visual changes to the samples during testing were noted but not
taken into account in the rankings. These results, reported in the 1997 Final Report,
indicated a benefit in performance from BTA pretreatment for a limited period of time,
after which performance fell markedly. The ranking order from EIS preliminary results
also showed that a wax topcoat boosted performance, although much less so than BTA
preireatment.

Further EIS, coupled with a more realistic accelerated weathering protocol than
simple immersion in dilute Harrison’s electrolyte, has been performed on Phase IT coated,
polished bronze samples (set A, controls) for 98 days and is ongoing. Periodic
measurements have been taken on samples between cycles of salt fog in a Prohesion®
chamber and QU\/@exposure, i.e., during progresstve, artificial weathering, as described
in the Experimental section. For the purpose of comparison, a single set of EIS
measurements were also made on coated, polished bronze samples that had already
undergone accelerated weathering at the National Gallery of Art.

The impedance modulus |Z] at 0.1 Hz is plotted against time/cycle of weathering
for sample set A in Figure 10. The uncoated sample has |Z) ¢ u, between 10% and 10°
ohms. This marks the effective point of failure, when the coating no longer exceeds the
impedance of the uncoated metal. Coatings that have impedance |Z| ¢ 1, above 107 ohms
are considered to be performing well under this weathering protocol. As seen in Figure
10, after 91 days of weathering only the Nikolas acrylic/acrylic urethane/wax and the
BTA/BASF acrylic urethane/wax coatings remain in this category.

Figure 10 also illustrates that the impedance of the coatings does not fall
sequentially with time, but rather oscillates up and down. This phenomenon arises from
moisture cycling in the weathering regime. After one week in the Prohesion® chamber, if
the coating has imbibed quite a lot of moisture, the metal at the bottom of the pores is
wetted and conductivity increases. This causes the impedance to drop. When the sample
is again exposed to QUV®, the moisture evaporates and the impedance rises. Two of the
coatings exhibit large oscillations in impedance with weathering cycles: Incralac and the
waterborne acrylic urethane. This indicates that these coatings, especially the latter, are
vulnerable to moisture/electrolyte ingress. Although not readily shown on this graph, this
was also true of the wax coating.
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Tn one instance, impedance did not rise after QUV® exposure: the wax coating at
7 days. This suggests that moisture was actually trapped beneath the coating, in part
explaining the rapid formation of corrosion that has been observed on the wax-coated
samples. In fact, EIS readings for the BTA + wax-coated sample were discontinued after
only 26 days because of its rapid failure. It should be noted that the initial impedance
reading of the wax coating was less than 10* ohms, which is already very poor. Thus the
wax coating does little to effectively block moisture/electrolyte ingress. Another
noteworthy feature of the graph in Figure 10 is the temporary increase in impedance that
is observed for the wax coating after 14 days. This may be interpreted as the formation
of a new passivating layer at the metal/coating interface, most likely formed by the
reaction of copper ions with chlorides and/or oxygen. When this layer subsequently
breaks down after 26 days, impedance drops again. In addition, the Bode piot of the wax
coating in Figure 8 shows a decrease not only in low frequency impedance with time of
weathering, but a decrease also at high frequency. This indicates significant increase in
porosity in the film. The Bode plot shows that after only eleven days of exposure to the
weathering cycle, the BTA/wax coating failed. Results thus underscore the fact that this
wax coating is in a different performance category altogether than the other coatings
tested in this study. Thus, the BTA/wax coating cannot be considered to be truly
protective.

Phase I, sample set A are presently in their fourteenth week of cycling between
UV and salt fog exposure in the North Dakota laboratory, and will continue until they
reach complete failure. The respective Bode plots (Figure 8) reveal the following
ranking, in order of worst to best: BTA + wax (#2) < waterborne acrylic urethane + wax
(#5) < Incralac + wax (#1) < BTA + BASF acrylic urethane + wax (#4) < Nikolas
acrylic/acrylic urethane/wax (#3). This ranking is identical to the overall failure rating
ranking for the blasted copper roof substrates, but differs from the ratings on the other
substrates, including that for polished bronze. However, it should be added that failure
ratings of coatings #1, 3, 4, and 5 were tightly grouped on the polished bronze after 120
days accelerated weathering at the National Gallery of Art. It is possible not only that the
weathering protocol caused a difference in ranking, but also that a spread in the
performance grouping is better predicted by EIS. This is particularly true of the
waterborne acrylic urethane, for which the | Z | 0.1 1z value drops precipitously between
35 and 42 days. Thus the EIS results appear to predict the dramatic failure of the
waterborne coating on the naturally weathered polished bronze and 50-year-old copper
roof. Furthermore, the | V4 | 0.1 Hz value for Incralac + wax begins to waver under 10°
ohms after 42 days. Again, this may better predict eventual loss in adhesion and failure
on polished bronze than seen in the accelerated weathering protocol at the National
Gallery. Loss of adhesion in Incralac coating systems after weathering was also found on
sample set B, as well as Phase [ samples (see Figure 2 and 1996 and 1997 Final Reports
to NCPTT).

EIS measurements additionally show that both the Nikolas acrylic/acrylic
urethane system and the BTA+BASF acrylic urethane system are able to maintain a
l Z | 0.1 iz close to that of their initial readings during 98 days of accelerated weathering.
These coatings clearly belong to a “high performance™ category by EIS standards. In
particular this is true of the Nikolas system, which exhibits almost no change in curve in
the Bode plot (Figure 8). The BASF system Bode plot shows some leveling off of the
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impedance modulus slope over time, suggesting the beginning of formation of
microcracking in the coating. This behavior is borne out in the graph in Figure 10, where
the Nikolas system | Z | 0.1 Hz remains fairly flat up to 77 days, and the BASF system
starts some moisture cycling around 49 days.

The Bode plot for samples previously weathered at the National Gallery of Art is
shown in Figure 9. EIS rankings to date are, from worst to best, as follows: BTA
pretreatment + wax (#2)< uncoated bronze << Nikolas waterborne acrylic urethane + wax
(#5) < BTA pretreatment + BASF acrylic urethane + wax (#4) < Nikolas acrylic +
Nikolas acrylic urethane + wax (#3) < Incralac + wax (#1). These results correspond
quite well with the overall failure ratings shown in Figure 1, especially with regard to the
close ranking of the acrylics and acrylic urethane coatings. EIS also confirms that, except
for wax, the other four coatings were performing marginally well after 120 days of
accelerated weathering at the National Gallery of Art. A disturbing resuit shown here is
that the waxed samples actually fell behind the uncoated sample, which is now covered
by a coherent layer of corrosion.

The fair correspondence between EIS results of the two sets of samples indicates
that the weathering protocols followed in the two laboratories are basically comparabie,
although weathering at the North Dakota laboratory appears to have been somewhat
harsher and more accelerated. EIS may thus predict behavior further ahead than the
accelerated weathering conducted at the National Gallery. It is interesting in this respect
that the Nikolas acrylic/acrylic urethane system seems to best correspond in EIS ranking
after both types of weathering. This supports the notion that the coating has the best
stability of the five on polished bronze. Coatings that fail by EIS, however, such as the
wax, waterborne acrylic urethane, and Incralac, appear to predict breakdown in protection
that, in the case of Incralac, may not be yet evident in accelerated or natural weathering
tests. The appearance of an increased acceleration factor in the EIS weathering protocol,
as compared to accelerated methods used at the National Gallery of Art, may be ascribed
in large part to a greatly increased “time of wetness” in the salt fog equipment. In the
absence of automated fopging or spraying equipment at the National Gallery,
approximately 5 minutes of hand spraying followed by 4 hours of 85% relative humidity
did not equal the wetness achieved by 4 hours of direct fogging. Other differences in the
accelerated weathering methods, such as the composition of the “acid rain” solution and
duration of other cycles, are also important. On the other hand, the EIS experiments do
not take into account any visual changes in the coatings, as was done in the overall failure
ratings. It must be emphasized that no method of accelerated weathering or performance
evaluation will ever produce outdoor exposure exactly, which in any case is site specific.
This underscores the importance of comparing results of different methods of weathering
as well as different methods of analysis in the general evaluation of coating performance.

Additional RAIR and Ellipsometry of CuBTA filins

CuBTA films were investigated by reflection-absorption infrared spectroscopy
(RAIR) and ellipsometry. Results have been written up and submitted for
presentation/publication in the IIC 2000 Conference scheduled in Melbourne, Australia
for October 2000. The abstract is attached in Appendix A. Results suggest that CuBTA
film thickness increases as a function both of immersion time and BTA solution
concentration, and that ultrathin CuBTA films, as often produced in conservation
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treatments, provide extremely limited and insufficient protection of the metal. Some
evidence is provided that thicker CuBTA films formed during pretreatment may have a
more positive effect on corrosion inhibition in outdoor exposure.

Conclusions and Recommendations

Understanding of coating performance must begin with an understanding of the
substrate’s nature and properties. A polished bronze substrate is a pristine, vulnerable
surface with more potential for corrosion. A 50-year-old copper sulfate patina
(brochantite), on the other hand, represents a partially passivated surface, whose
subsequent corrosion will occur at a relatively slow rate but may also be subject to
reprecipitation of the patina or new pitting corrosion. Perhaps more importantly, the
mineralization creates a visually changed and physically rough, highly porous surface
with a small amount of organic material incorporated.”” Two substrates studied in this
project were found to be particularly unstable: the artificially patinated bronze, formed
from ferric nitrate and most likely ammonium sulfate, and the walnut shell-blasted,
natural brochantite patina on the copper roof. The artificially patinated surface was not
only rough and uneven,” but also chemically unstable in terms of oxidation and, most
likely, corrosive or degradative agents. In addition, the artificial patina appeared to be
poorly adhered to the metal surface itself, most likely contributing to the generally poor
adhesion of the coatings before and/or after weathering. The walnut shell-blasted
substrate was found to be also rough and porous, but more uneven than the natural patina
before blasting. There was also an organic material present on this substrate which could
neither be removed by cleaning nor identified. These two substrates represent difficult
situations for which to find satisfactory coating solutions and which should be avoided if
possible.

As is well known, scrupulous surface cleaning of a metal surface leads to better
coating adhesion and performance. Of utmost importance is also the skill and practice in
coating application so that a coating of good quality and appropriate thickness is laid
down with minimal defects such as seeds, solvent popping, pinholing, or orange peel.
Results of this study reaffirm these commonplace ruies as general aids in coating
strategy. In addition, very thin layers CuBTA as often formed by minimal treatment with
BTA appear to be severely limited or of little value in protection of the bronze. The use
of a BTA pretreatment, where a relatively thick CuBTA underlayer is deposited, may
help delay the onset of corrosion once moisture and salts permeate a coating. The use of
wax topcoats generally appears to boost coating performance and has the added benefits
of covering many coating defects and matting shiny surfaces. However, whitening of this
wax layer was sometimes observed in accelerated weathering, so that maintenance of
such a top layer may be required. Assuming good substrate preparation, the use of
acrylic urethanes, which are truly high performance coatings, may be an option in some
cases. Removal of these crosslinked coatings may present special problems, however, as
discussed below.

The picture presented in these failure ratings is thus one of a complex interaction
between the coatings, the substrate, their history and their environment. One way to view
this tangle of factors is to look for weak links in the system. This varies, however,
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depending on the individual system. For example, if a coating system has particularly
poor dry or wet adhesion, is too thin compared to its permeability, is highly vulnerable to
moisture penetration, or particularly poor in film quality, the system will uitimately fail.
On highly polished bronze, good dry adhesion is more difficult to achieve, while
mechanical adhesion and coating penetration into a porous patina may be helpful factors
on a natural brochantite patina, at least for some period of time. However, these natural
patinas are generally felt to be undesirable in appearance, and are often minimized by
“gentle” blasting with a medium such as walnut shells. In the case of the blasted copper
roof and patinated bronze samples, we may say that the weak links are the unstable
substrates themselves. This is a warning to conservators that blasted or artificially
patinated surfaces should be treated with special scrutiny and consideration, as well as, if
possible, chemical analysis.

Conclusions and recommendations for individual coatings represented in this
study are as follows. It is hoped that this study will encourage conservators to continue
to explore coating options beyond waxing for outdoor bronzes.

The Wax Question

The purpose of this study was not to investigate the comparative effectiveness of
different waxes for coating outdoor bronzes. Although there are reports that some waxes
offer significantly better protection than others do,** only one representative wax was
included in this study, the goal of which was to investigate currently viable coating
options for outdoor bronzes. Waxes are without question the most commonly used types
of protective coating on outdoor bronzes and brasses, as well as on other types of metal
sculpture. This is in large part due to their ease of use, as well as to the common
conception that waxes are “natural” and non-invasive. These ideas are, however,
misconceptions in terms of outdoor metals in many situations. First of all, waxes
significantly change the color and appearance of many objects by saturating existing
patinas. Afier years of build-up, waxes may be extremely difficult if not impossible to
completely remove. In addition, if a wax compromises an object’s protection in the
outdoors, and allows corrosion to occur, this is extremely invasive to the aesthetic unity
of an object as well as to its chemical stability.

On the other hand, an object with an existing, protective-type of patina, such as a
coherent oxide or even a sulfate crust, may clearly benefit from the added protection of a
wax coating. It is well known, in fact, that well-maintained wax coatings, i.e., renewed at
least once per year, may reasonably protect a stable metal surface from obvious or
disfiguring corrosion in the outdoors. Upon wax removal, however, it is commonly
found that outdoor bronzes have significant oxide/sulfate layers that have been forming
beneath the wax. As shown in this study, in the case of a metal surface that is highly
prone to oxidation or acid-rain type corrosion, including highly polished and many
artificially patinated surfaces, disfiguring pitting corrosion may occur under wax
coatings. Unfortunately, because of the existence of many poor castings and other
uncontrolled factors that commonly occur at the foundry level, many metal objects are
highly vulnerable to corrosion in the outdoors. These types of surfaces are also
vulnerable to more corrosion under a less protective coating.

A noteworthy result of this study is that walnut shell blasting of natural copper
sulfate patinas, as commonly practiced in conservation treatments, was shown to have a
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destabilizing effect on the substrate. This was evident from the significantly worse
performance of coatings on the blasted vs. unbiasted substrates, but in particular of the
wax coating. In general, it may be said that due to the thinness of application, poor
durability, and poor chemical resistance to acid rain solutions, wax coatings such as
tested in this study cannot be considered to be in the same performance category as either
acrylic lacquers or acrylic urethanes. This is clearly borne out by EIS results, in which
the wax coating failed rapidly and irreversibly.

Nikolas Waterborne Acrylic Urethane

The waterborne acrylic urethane from G.J. Nikolas & Co. was chosen because it
was developed specifically for copper alloys (although in indoor applications) and
performed better than others of its type in previous work. It was hoped that creating a
thicker, muiti-layer coating layer than applied in Phase I could boost its performance.
Waterborne coatings are of course highly sought for their safety and ease of use.
Although the failure rating of this coating after accelerated weathering was markedly
improved by adding a second brush coat of the polymer over the dried spray coat and a
wax overcoat, especially on the polished bronze surface, the waterborne acrylic urethane
remained a mediocre to poor performer overall. This coating performed particularly
poorly over the unblasted, natural brochantite patina. This was ascribed in large part to
the inability of the large polymer molecules to peneirate the natural mineral patina, as
evidenced by lack of saturation of the light green patina and by thickness readings (see
1997 Final Report). Sitting virtually on top of the brochantite with very poor adhesion,
the coating failed after only one year in natural outdoor weathering. One interesting
result of this study is that the waterbome acrylic urethane performed best of the group on
the artificially patinated bronze substrate, although still in mediocre ranking. This may
be related to an increase in measured adhesion over the course of the weathering. No
other explanation can be offered for this behavior without further study. In general,
however, it appears that the properties of waterbome coatings studied in this project
stimply do not match the general performance of solvent-borne coatings at this point in
time, although there are many commercial products in existence and they vary
unpredictably from one to the next.

Incralac

Following wax, Incralac is without question the second most commonly used
coating on outdoor bronzes worldwide. In this study, its performance was very mixed on
the different substrates, i.e., fair to good on polished bronze, very good on 50-year-old
copper roof, but poor on the blasted copper roof and artificially patinated bronze. The
Incralac coating on polished bronze was shown to benefit in both Phase I and II from the
addition of a wax topcoat. This topcoat appeared to be somewhat susceptible to
whitening, however, and may need periodic renewal. These results appeared consistent
for both accelerated and natural weathering, although the polished bronze sample
exposed in the outdoors was lost in Phase II and Phase I results were relied upon.
Removability tests of Incralac on the different substrates showed no evidence of
crosslinking or other changes in coating solubility with weathering. Adhesion testing of
Incralac on the four substrates showed significant loss of adhesion on the polished and
patinated bronze surfaces after accelerated and natural weathering, but not on the copper
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roof substrates. ATR investigation of the polymer/metal interface showed that de-
adhesion is largely corrosion-induced. In addition, EIS results for Incralac on polished
bronze predict catastrophic loss of resistance to moisture after some period of cycling. In
this light, it is reasonable to assume that Incralac can perform well for only a limited
period of time, given careful surface preparation and application. The latter is not a
minor point, since application of the lacquer evenly, without resulting orange peel, takes
much practice.

BTA + BAST Acrvlic Urethane + Wax

For all but the artificially patinated bronze substrate, this coating performed
reasonably well. EIS predictions show that the coating is extraordinarily resistant to
moisture and salt penetration. Adhesion problems to metal must be overcome in its use,
however, and this may have been the source of a lower overall failure rating afier
accelerated weathering on the polished bronze. The coating performed remarkably weli
on the blasted copper roof substrate, as well as on the unblasted copper roof. In these
cases, penetration into the natural patina to form a matrix appeared good, but resulted in
color saturation of the patina, although it effectively prohibited moisture ingress. The
uneven success of this coating reported in the field may well be related to surface
preparation, which must be scrupulous to achieve reasonable adhesion. Because this
coating is crosslinked, it must be removed by mechanical methods.

Nikolas Acrylic/Acrylic Urethane/Wax

This 3-part coating system was put together as a model system in the Phase I
testing. The main purpose of the acrylic underlayer is to ailow a method for solvent
removal of the coating, since it was shown in the laboratory that the top layer was
sufficiently permeable to organic solvents to allow swelling of the acrylic, followed by
peeling of the entire coating after exposure to toluene or acetone (see 1997 Final Report).
The acrylic underlayer also has the advantage of good adhesive properties to the metal.
The purpose of the acrylic urethane as a main or second coat was to provide the added
protection and durability of the crosslinked coating. This appeared, in fact, to work. The
wax topcoat was added mainly to matte the shiny appearance. As stated, the final coating
system in Phase II was slightly thicker than intended and may have had a small boost in
performance from this advantage, especially with regard to EIS results. The very good
performance of this coating on polished bronze and the 50-year-old copper roof
brochantite patina (unblasted) suggest that this coating system is a good candidate for
experimentation in the field, especially in cases where a low-maintenance, high
performance coating is needed.

Recommendations for Future Work

Material products of Phases II and III include three additional sets of model
samples, either without weathering (controls), after accelerated weathering, or after
natural, outdoor weathering, totaling 122 samples. Products also include digital images
of the samples and a software program script for their evaluation using Scanalytics IPLab
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software. It is recommended and hoped that these products of the study be put to use for
further study, including monitoring of the progress of samples that continue to undergo
natural weathered (Phase II, set C) on the roof of the Natural Gallery of Art. Additional
EIS of the copper roof samples would be especially valuable, as well as more extensive
ATR investigation of the polymer/metal interface chemistry with weathering. Future
plans for related work include testing of a single coating with varying CuBTA underlayer
film thickness by EIS< in order to test hypotheses formed in this study. Further EIS work
may also include comparison of these results to wax coatings reported to perform well in
other studies. Field studies of the Nikolas acrylic/acrylic urethane and BASF acrylic
urethane systems are highly recommended, as is experimentation in general methods of
coating removal. Finally, testing of other new coatings developed and/or adapted
specifically for application on outdoor bronzes remains a wide open field in which many
contributions are possible.
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Table

Descriptions of Coated Bronze and Copper Samples after Natural, Outdoor Weathén'ng, Phase II

Sample Polished, Cast Bronze Patinated, Cast Bronze 50-yr.-old Copper Roof Walnut shell-blasted, 50-yr.-old
Copper Roof
Corrosion Area surface scribe surface scribe surface scribe surface scribe
1- Incralac + wax The surface of the A very small amount | Light orange peel. No visible change. A small amount of Light peeling around
plate is covered in of green corrosion in light green the scribe.
tiny little blisters. the scribe. The cOfTosion.
surface of the plate
is corroding faster
than the scribe.
2- BTA + wax The surface is matte, No visible change. The surface is dark No visible change. Darkened matte No visible change
and the patina has and matte, with a surface, Some water
changed colors, white liaze covering spotting
creating an irregular the surface.
and mottled surface
colar.
3. NK acrylic urethane + Tiny blisters in the Pecling around the No changes in Very small amount A slight dorkening Slight peeling
wax coating. Surface is scribe. (Pecling up coating or plate. of corrosion within of the surface. around the coating.
very shiny, it scems both the patina layer the seribe. Light green

4- BTA + BASF aciylic
urcthane + wax

Mo changes in
coating or plate.

like the wax tayer has
wom off.

and the coating.)

corrosion, within the
scribe,

Very small amount
of bright green
corrosion within
the scribemark.

Surface covered in
small white blisters,

Very small amount
of green corrosion
within the scribe.

Bluish green surface
colofng. Whitened
appearance.

No visible change.

No changes in
coaling or plaie.

Green corrosion
with in the seribe.
Peeling around the
edges of the scribe.

5- NK waterborne acrylic
urethane + wax

Tiny pox marks in
the surface of the
bronze.

Green powdery
corrosion within
the scribemark.

Blisters on the surface
of the plate. A few
small green corrosion
spots.

Small amount of
greet corrnsion
wilhiin the scribe

Yellowed. Severe
peeling over the
surface of the plate.
Light green
corrosion in the
exposed areas.

Pecling zround the
scribe. Very small
amount of light
green comosion.

The surface, in
patches, has slightly
darkened. The
overall surface has
whitened.

Slight peefing at the
scribe

6-No Coating

An cven smooth,
matte, purple-brown
surface developed,
Under magnification
a few green
corrasion spols can
be seen.

WA

The warm brown
surface color of the
patina has changed to
a mottled armay of
oranges, browns, and
dark browns.

NIA

Slight darkening of
the surfoce.

NiA

A few light green
corrogion spots, The
surface has slightly
darkened.

NfA




Total Failure Rating

Fiqure 1

Total Failure Ratings for Coatings on Bronze or Copper Substrates

After 120 Days Accelerated Weathering

50

1

Clcoating rating
B percant overall corrosion
O normalized scribe corrosion

I. Polished, Cast Bronze Il. Patinated, Cast Bronze lil. 50-yr-old Cu Roof

V. Blasted Cu Roof




Fiqure 2

Total Failure Ratings for Coatings on Bronze or Copper Substrates
After Approx. 1 Year Natural Weathering

Total Failure Rating

50
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P coating rating

percent overall corrosion
Cnormalized scribe corrosion
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Figure 3

Coating + Patina Thickness and Standard Deviation (sd)
on Unweatihered Bronze Substrates, Phase Il
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Coating Thickness

{mils)

Figure 4

Coating + Patina Thickness and Standard Deviation (sd)
on Unweathered 50-year-old Copper Roof Substrates, Phase i
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Adhesion rating (5=excellent)

Figure 5

Cross-Cut Adhesion Rating of Coatings on Cast Bronze, Phase Il, Before and
After Accelerated and Natural Weathering
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*Note that the first three naturally
weathered samples are missing, and
the adhesion is not reported.
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M polished bronze, weathered *
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O patinated bronze, unweathered
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Failure rating (5=excellent)

Figure 6

X-Cut Adhesion Ratings of Coatings on 50-Year Old Copper Roof, Phase Il,
Before and After Accelerated Weathering

1~ Incralac + 2- BTA + wax 3- NK acrylic + 4- BTA + BASF 5- NK

wax acrylic urethane acrylic urethane waterborme
+ Wax + wax acrylic urethane
+ wax
Sample Owater washed, unweatherad

Bwater washed, weathered”

Bwater washed, naturally weathered**
Owalnut shell blasted, unweathered
Bwalnut shell blasted, weathered®

Ewalnut shell blasted, weathered naturaily™




Absorbance

Figure 7

ATR spectrum of Carbonyl Absorbance in Incralac Films on Polished Bronze,
A) With and B) Without Accelerated Weathering
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Figure 8

Bode Plots of Polished Bronze Plates
During Prohesion® and QUV® Cycling
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Figure 9
National Gallery of Art Accelerated
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Figure 10

1Z1; 14, vs. Time of QUV/Prohesion Exposure
for Coatings on Polished Bronze Samples
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NATURALLY WEATHERED Polished
bronze samples.

After 1 year outside.

% Note samples 1-3 missing.



NATURALLY WEATHERED Artifically
patinated bronze samplecg.
After | year outside.




NATURALLY WEATHERED Water wached
copper roof samplas.
After 1 year outside.



HATURALLY WEATHERED Walnut-shell
blasted copper roof samples.
After 1 year outside.




