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ABSTRACT

A study was made of the copper corrosion rate and corrosion products originated by the action of acetic acid vapor
at 100% relative humidity. Copper plates were exposed to an acetic acid contaminated atmosphere for a period of 21 days.
Five acetic vapor concentration levels were used. The copper corrosion rate was in the range of 1 to 23 mg/din2 day. The
corrosion-product layers were characterized using electrochemical, X-ray powder diffraction, Fourier transform infrared
spectrometry, and scanning electron microscopy techniques. Thermal and calorimetric studies were also performed. Some
of the compounds identified were cuprite (Cu,O), copper acetate hydrate [Cu(CH,COO)22H,O], and copper hydroxide
acetate [Cu4(OH)(CH,COO)72H20]. This last compound was also characterized. The thickness of the patina layers was 4
to 8 nm for amorphous cuprite, 11 to 48 nm for cuprite, and 225 nm for copper acetate. The patina, in which the cemen-
tation process of different corrosion-product layers plays an important role, is formed by the reaction of acetic vapor with
copper through porous cuprite paths.

Infroduction
The corrosion originated by organic acid vapors on dif-

ferent metals and alloys is a phenomenon which has been
observed for a long time. The influence of organic acid
vapors on copper structures after prolonged exposure in a
town atmosphere was studied by Vernon.' The presence of
these acids in the outdoor atmosphere is a source of free
acidity in precipitation in industrial areas.'6 Acetic acid is
emitted by the industries themselves.7 Acetic vapor is also
present in industrial atmospheres, e.g., from vinegar in the
food processing industry and from the decomposition of
raw materials in the paper industry. Organic acid anions
constitute about 0.1 to 1% of the total ion concentration in
the corrosion-products (patina) on copper exposed to the
outdoor atmosphere for extended periods.8 In the case of
packaged metal, acetic acid vapor is released by woods
and certain paints, plastics, rubbers, resins, and other
materials likely to be found alongside packaged metal
items,7'9" An important aspect of acetic acid vapor is that
it causes metal corrosion at very low concentrations.'619

The aim of this paper is to study the corrosion behavior
of copper exposed for short periods of time to acetic acid
vapor in laboratory experiments at 100% relative humidi-
ty. The solid phases formed on copper surfaces were ana-
lyzed in order to elucidate the influence of acetic acid
vapor on the patination process mechanism.

Experimental
Generation of acetic vapor.—Corrosive environments

were generated in an airtight 2.4 L glass vessel. In order to
obtain a vapor concentration of acetic acid, it was
assumed that the partial pressure of solvent vapor in equi-
librium with a dilute solution is directly proportional to
the mole fraction of solvent in the solution

[1]

which is the expression of Raoult's law,2° where P is the
partial pressure of the solvent (acetic acid in this case)
above the solution (in Pa), P, is the vapor pressure of the
pure solvent (acetic acid in this case), and x is the mole
fraction of solvent in the aqueous solution (pure acetic
acid and distilled water).

The concentration of acetic acid in the vapor phase (,
expressed in parts per million (ppm), (106, by weight), can
be written as

1P0
= 101,300) 106 = 20.4P

29
where 60 is the molecular weight of acetic acid, the
101,300 term is the amount of Pa in one atmosphere, and
29 is the molecular weight of air.

* Electrochemical Society Active Member.

If G is the mass of acetic acid, expressed as number of
grams in a 1000 mL solution, then x can be written as

G/60 = 3 X l04G [3]
1000/18

where 18 is the molecular weight of water.
Taking into account Eq. 1, 2, and 3, it is possible to write

= 3 x 104G1 [4]
20.4

G = 163.2-p- [5]
P0

The P, value was obtained from Fig. 1. This was drawn
using data from the literature'1 and the Claussius-Clapey-
ron equation (log P, = —A/T + B).'2

The relative humidity (RH) of approximately 100% was
obtained by placing 350 mL of distilled water in the bot-
tom of the airtight glass vessel, with the copper specimens
placed on a perforated ceramic grill situated above the
distilled water.

Five acetic acid concentrations: 10, 50, 100, 200, and
300 ppm were studied. The vapor concentration of acetic
acid was obtained by replacing the 350 mL of distilled
water at the bottom of the airtight glass vessel with a solu-
tion containing the appropriate amount of glacial acetic
acid (Merck): C in Eq. 5. These levels were chosen in order
to accelerate the corrosion process in the laboratory with
the aim of following the evolution process of the patina
from its origin stage up to 21 days experimentation.

In order to obtain experimental conditions with high re-
producibility, i.e., a constant concentration of acetic vapor

therefore
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Fig. 1. Acetic acid vapor pressure against temperature.
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during the experiments, the acetic aqueous solution was
changed once a week.

Specimens—The copper used had the following chemical
composition (wt %): 0.015 Ph, 0.009 Sn, <0.001 Al, <0.002
Sb, <0.001 As, <0.001 Bi, <0.001 Fe, 0.003 Ni, 0.019 P, <0.001
Mn, balance Cu. The copper was phosphorus-deoxidized
with low residual phosphorus content (Type Cu-DLP,
Standard ISO 1337).

Mechanically polished specimens were prepared with
different grades of emery paper down to grade 600. The
experimental details have been described elsewhere.22

Vertically suspended 5 X 5 cm copper plates were
exposed to the action of acetic acid vapor for a period of
21 days. The temperature was maintained at 30°C during
the experiments by immersing the airtight glass vessel in a
thermostatically controlled water bath. At the end of these
experiments the nature of the surface corrosion products
was determined. For comparative purposes, a copper ref-
erence specimen was exposed to an uncontaminated 100%
RH atmosphere under identical experimental conditions.

Techniques.—Gravimetric analyses were carried out
taking measurements at the beginning of the experiments
and at their end, following the removal of the corrosion
products using a 10% H2504 aqueous solution, in accor-
dance with ASTM Standard G1-88. All the experiments
were performed in triplicate, i.e., the gravimetric corro-
sion rate is listed as an average value of three specimens
studied under identical experimental conditions. The re-
producibility of the experimental gravimetric results was
higher than 90%. An electronic analytical balance with a
precision of mg was used.

Electrochemical studies were performed by cathodic
reduction using a EG&G PARC, model 273A potentio-
stat/galvanostat. The classic three-electrode configuration
was used, employing a saturated calomel electrode (SCE)
as reference and a spiral AISI 316L stainless steel wire as
the counter electrode. The surface of the specimen was
masked using a corrosion protection tape, leaving an un-
covered area of 1 cm2 as the working electrode. Experi-
ments were carried out under static conditions at room
temperature. A 0.1 M sodium borate solution, 500 mL, pH
close to 9 and analytical grade, was used as supporting
electrolyte for the cathodic reduction experiments.2325 The
solution was deaerated by bubbling nitrogen through the
system for 1 h before the start of experimentation and
throughout its duration.

The solid phases formed on the copper surface were char-
acterized by X-ray powder diffraction (XRD), employing a
Siemens D-500 diffractometer with monochromatized Cu
Kct radiation. Patterns were recorded in the step scanning
mode, with a 0.025° (20) step and 2 s counting time.

A Nicolet Magna 550 (CsI beam splitter) spectro-
photometer was used to record Fourier transform infrared
(FTIR) spectra on CsI disks. The wavenumber range was
4000-270 cm1.

A JEOL JXA-840 scanning electron microscope (SEM)
was used to perform morphological observations. Con-
ducting samples for SEM were prepared by gold sputter-
ing the copper plates.

A thermodifferential analyzer (DTA) and a thermogravi-
metric analyzer (TG), Shimazdu DTA-50 and TGA-50H,
respectively, were employed to determine the thermal be-
havior and the evolution of the solids formed on the sur-
face layer as a function of temperature. Tests were carried
out in a dynamic air atmosphere (20 mL/min) at a heating
rate of 10°C/mm. Alumina crucibles were used in both
types of analysis. These thermal studies were performed
only on specimens from experiments with an atmospheric
acetic level of more than 100 ppm which provided an ade-
quate amount of solid corrosion products.

Results and Discussion
The visual appearance of the copper specimens exposed

to the action of acetic acid vapors alters as the contamina-
tion level increases. Thus, a new freshly cleaned copper

surface of bright salmon-pink color, after exposure to an
uncontaminated 100% RH atmosphere, maintains its color
though its brightness disappears. After exposure to a
10 ppm acetic vapor atmosphere, the copper surface shows
a dull brown shade, indicating that copper patina is start-
ing to form. On copper specimens exposed to the 50 ppm
acetic vapor atmosphere, a brownish-gray layer is ob-
served. A large number of very small nonuniform size
spots are deposited on this layer. Some of these are dark
green in color, and the others are of a dark grayish-brown
color. The copper specimens exposed to the 100 ppm acetic
vapor atmosphere exhibit solids of a pale green and dark
green color deposited on the brownish-gray layer. On cop-
per specimens exposed to the 200 ppm acetic vapor atmos-
phere, a dark green solid is observed to be deposited on the
first brownish-gray layer. The amount of solids formed is
greater than with the previous specimen. At the highest
acetic contamination level studied, 300 ppm, a uniform
greenish-blue velvet-like layer was formed. The formation
of this last color layer may be associated with an advanced
step of the patination process.26

Electrochemical and gravimetric analyses—Figure 2 re-
ports the corrosion rate estimated from gravimetric data,
expressed as mg/dm2/day (mdd), for copper exposed to
acetic acid vapor for 21 days experimentation time, with a
corrosion rate of up to 23 mdd. It can be observed that the
copper corrosion rate increases in line with the increase in
acetic concentration. There seems to be an acetic vapor
contamination threshold, 200 ppm, above which the corro-
sion rate stabilizes. The rate stabilization may be related
to the formation of a copper compound which protects the
copper surface, probably a copper acetate compound (as
shown by XRD later in the text). In all exposure condi-
tions, during the first week of experimentation, the blue
crystals were surrounded by zones free of corrosion prod-
ucts which could act as cathodic areas.22 After 21 days
exposure, all the copper surface was covered with corro-
sion products. Visually the specimens appeared to be cov-
ered with a layer of nonadherent solid corrosion products
of porous nature.

Cathodic reduction curves for copper samples exposed
to 10, 100, and 300 ppm acetic vapor are depicted in Fig. 3,
4, and 5, respectively, for several exposure times. In Fig. 3,
three peaks can be observed in the plot corresponding to
1 day of exposure. A first peak, located at —0.6 VSCE, has
been attributed to the reduction of amorphous cuprous
oxide (cuprite, Cu20).273° This Cu2O layer is frequently
formed by copper exposure to uncontaminated air. A sec-
ond peak can be observed at —0.71 VscE which is attrib-
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Fig. 2. Copper corrosion rate against acetic acid content in the
atmosphere of an airtight 2.4 L glass vessel, after 21 days' expo-
sure at 100% relative humidity and 30°C temperature.
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Fig. 3. Reduction scans in a 0.1 M deaerated sodium borate
solution for copper exposed to 10 ppm acetic acid vapor. The
scans were obtained at a potential sweep rate of 1 mV/s starting
at the open-circuit potential.

uted to the reduction of crystalline cuprite formed on the
initial amorphous cuprite.2933 The existence of these two
cuprite peaks is corroborated by SEM observations (see
below) and has been previously reported in the litera-
ture.293° Finally, a third peak can be observed at approxi-
mately —0.9 VSCE, which should be attributed to copper
acetate, as is explained later in the text. Similar informa-
tion was obtained for 4, 14, and 21 days experimentation
time (see Fig. 3).

The area under the peak at —0.6 V, corresponding to
amorphous Cu20 (Fig. 3), decreases as the experimental
time increases, and thus it may be interpreted that the
thickness of the amorphous cuprite layer decreases
throughout the 21 days tested. On the other hand, this
peak evolution could be within the margin of error of the
measurements. It should be said that as the time increases
the peak corresponding to copper acetate is better defined
and the area under the peak increases.

Figures 4 and 5 show, in general, similar information to
Fig. 3. The copper acetate peak masks the other reduction
peaks as the concentration of acetic vapor increases. A
shoulder can be observed at —0.95 VSCE in the plots for 4
days of exposure (Fig. 5) and for 14 days experimentation
(Fig. 4), which may be ascribed to copper hydroxide
acetate (see below).

In Fig. 3 the peaks at —0.7 and —0.9 VSCE show growth at
a comparable rate up to 14 days, but for 21 days the peak
at —0.9 V$CE indicates faster growth. In Fig. 4 after 4 days,
it looks like the crystalline cuprite phase has grown but the
copper acetate phase has not changed. By 14 days, signif i-
cant growth has occurred in both the crystalline cuprite
and copper acetate phases. By day 21, one peak is dominat-
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Fig. 5. Reduction scans in a Oi M deaerated sodium borate
solution for copper exposed to 300 ppm acetic acid vapor. The
scans were obtained at a potential sweep rate of 1 mV/s starting
at the open-circuit potentiaL

ing. In Fig. 5 after 4 days, significant growth has occurred
in the copper acetate phase. These results (Fig. 3 to 5) may
be interpreted as different patination mechanisms as the
acetic vapor concentration increases (see below).

In general, Fig. 3 to 5 show a potential peak shift to
more cathodic values with time and acetic vapor content
in the air increasing. This behavior may probably be asso-
ciated with the thickening of the corrosion-products layer.
It can also be observed that the copper acetate peak area
increases without there being a decrease in the cuprite
peak area. This is experimental evidence that the forma-
tion of copper acetate is not at the expense of the cuprite
layer. The copper acetate is probably formed by the reac-
tion of acetic acid vapor with copper through porous
cuprite paths.

Figure 6 shows the recorded potential against time curve
for the cathodic stripping of copper exposed to 10 ppm of
acetic acid vapor using a 0.1 M deaerated sodium borate
solution as supporting electrolyte. Two and three reduc-
tion regions are present. Regions I-Il and Il-Ill for one day,
A-B and B-C for four days, and 1-2 for 14 days were
defined by a drop in potential followed by a small plateau,
in turn followed by an inflection point. An extensive
plateau, regions 2-3 and 3-4 for 14 days, was formed be-
fore the second and third inflection points, and after this
hydrogen bubbles appeared on the copper surface, and the
potential stabilized, an indication that all the corrosion
products on the copper had been reduced and that the cop-
per surface was being cleaned. The layer thickness was
determined using Faraday's law.34 Thickness data were
calculated by assuming the average density of oxide layers
in regions 1-2, A-B, and I-Il to be equal to that of amor-
phous cuprite (6.0 g/cm3), and in region 2-3, B-C, and 11-
111 equal to that of cuprite (6.0 g/cm3). Finally region 3-4
was attributed to copper acetate (1.88 g/cm3). Despite a
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Fig. 4. Reduction scans in a Oi M deaerated sedium borate
solution for copper exposed to 100 ppm acetic acid vapor. The
scans were obtained at a potential sweep rate of 1 mV/s starting
at the open-circuit potentiaL

Fig. 6. Cathodic stripping for copper exposed to the action of
10 ppm acetic vapor. A 0.1 M deaerated sedium borate solution
was used as supporting electrolyte. Current density, 250 A/cm2.
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Table I. Thickness of corrosion-product layer for copper exposed
to 10 ppm acetic acid vapor. Exposure lime 1, 4, and 11 days.

Time Thickness
(days) Region Compound (nm)

1 I-Il Amorphous cuprite 4.0
1 IT—Ill Cuprite 11.1
4 A-B Amorphous cuprite 5.9
4

11
B-C
1-2

Cuprite
Amorphous cuprite

22.6
8.7

11 2-3 Cuprite 48.8
11 3-4 Copper acetate 225.4

lack of information about the surface roughness factor of
the specimens and assuming the layer to be uniform, the
thickness under conditions appertaining to Fig. 6 was ap-
proximately as indicated in Table I.

X-ray powder diffraction—Figure 7 depicts XRD pat-
terns only for specimens exposed to 50, 100, 200, and
300 ppm acetic acid vapor for 21 days. The diagrams cor-
responding to the specimens exposed to an uncontaminat-
ed acetic vapor atmosphere and to 10 ppm of acetic vapor
were constructed from direct analysis of the plates.. Pat-
terns for the others were recorded from analysis of the
powdered solids. In the case of the specimen exposed to
10 ppm acetic vapor, the corrosion layer thickness did not
provide an adequate amount of solid corrosion products to
record the XRD pattern from the powdered solids. The
XRD pattern for the specimens exposed to an uncontami-

Fig. 7. XRD patterns far copper exposed to 50, 100, 200, and
300 ppm acetic acid vapor for 21 days, c = cuprite, a = copper
acetate dihydrate, and h = copper hydroxide acetate.

nated atmosphere and to 10 ppm acetic vapor (not includ-
ed in the figure) showed only the maximum reflections
corresponding to metallic copper. Nevertheless the back-
ground of the XRD patterns corresponding to the copper
specimen exposed to 10 ppm seems to indicate the pres-
ence of an amorphous phase. This phase could be uncrys-
tallized cuprite. The crystalline phases observed on the
copper specimen exposed to the action of 300 ppm acetic
vapor are copper acetate dihydrate Cu(CH3COO)2H2O
[JCPDS 27-145J as the principal component (95%), see
Table II, and cuprite Cu20 [JCPDS 5-667] (5%). This result
may explain the copper acetate masking of cathodic re-
duction peaks described above (Fig. 4 and 5). The XRD
patterns for the intermediate contamination specimens, 50
and 100 ppm acetic vapor, show the presence of a third
phase, .which may be attributed to a copper hydroxide
acetate. As can be observed in Fig. 7, this phase (peaks
labeled h) starts to form on the 50 ppm acetic contamina-
tion specimen, is the principal component on the 100 ppm
acetic specimen, and is the minority component on the
200 ppm acetic specimen. In addition to copper hydroxide
acetate, all the XRD patterns show cuprite (peaks labeled
c) and copper acetate (peaks labeled a). From the intensi-
ty values of diffraction maxima, and taking into account
only the influence of the copper scattering factor, the rel-
ative percentage corresponding to the different crystalline
phases formed in the corrosion layer have been calculated.
Results are show in Table II. No other factors such as
polarization, temperature, particle size, or preferred ori-
entations were considered when determining the phase
proportions in the specimens. The presence of basic copper
acetate has been observed by some authors on patinas
formed on copper exposed to laboratory and outdoor at-
mospheres.35 Unfortunately this compound has not been
characterized. The XRD pattern of the copper hydroxide
acetate observed on the 50 and 100 ppm acetic specimens
presents some analogies with the XRD pattern .of cobalt
hydroxide acetate, Co4(OH)(CH3COO)72H2O. 36 Assuming
that both cobalt and copper hydroxide acetates may be
isostructures, the new crystalline phase may be formulat-
ed as Cu4(OH)(CH3COO)72H2O. According to XRD results,
the formation of copper hydroxide acetate does not seem
to take place from the cuprite layer. Depth-dependent
XPS studies indicated a stratified structure from the metal
interface to the atmosphere interface: Cu20/CuO/Cu(OH)5
or CuOxH2O in the first passivating layer.32'37'3° The pres-
ence of hydroxide or hydrated oxide at the initially ex-
posed copper surface provides a building block for the for-
mation of basis copper acetate. The formation of copper
hydroxide acetate may be as follows

4CuOxH2O + 7CH3COOH -÷ Cu4(OH)(CH3COO)72H3O

+ (x + 1)1IO [6]
This copper hydroxide acetate evolves to form copper
acetate under the atmospheric conditions of high concen-
tration of acetic acid, by the reaction

Cu4011(CH3COO)72H20 + CH3COOH

-* 4Cu(CH3COO)22H2O + H20 [7]

the final constituents of the patina being cuprite and cop-
per acetate. Thus, the presence of copper hydroxide ace-
tate among the patina components could mean that the
patination process has not yet finished.

Table II. Relative percentage of phases formed on copper
specimens for 21 days.

Acetic vapor
(ppm)

Cuprite
(%)

Copper hydroxide
acetate (%)

Copper acetate
(%)

300 5 95
200 6 5 89
100 6 69 25
50 46 45 9

10 20 30 40

20 degrees
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Infrared spectroscopy.—Infrared spectroscopy studies
were performed on the powdered samples to confirm the
previous results. Figure 8 shows the FTIR spectrum for 10,
50, and 200 ppm acetic acid vapor exposed specimens. Two
strong bands at 1570 and 1415 cm' were observed in the
FTIR spectrum of the copper specimen exposed to 10 ppm
acetic vapor. These bands correspond, respectively, to
asymmetrical (va,) and symmetrical (vs) stretching vibra-
tional modes of a carboxilate group (COO-). The separa-
tion between the two bands of = 155 cm1 corresponds
to free acetate groups, and consequently could be attrib-
uted to adsorbed acetic acid on the amorphous cuprite
phase surface. At 3409 cm1, a broad and strong band ap-
peared which corresponds to the water molecule stretch-
ing vibrational mode. The remainder of the spectrum con-
sisted of weak bands of little practical importance. These
results could mean that, in an atmosphere with low acetic
concentration, the formation of the first patina layer on
copper (cuprite) is due to the reaction of water molecules
with copper.

In the FTIR spectrum of the copper specimen exposed to
50 ppm acetic vapor, a shift was observed in the stretching
band of water toward a high wavenumber at 3466 cm*
The v band of a COO group was split at 1618 and
1570 cm1, and the v band at 1420 and 1415 cm1. These
results are experimental evidence of acetate groups coor-
dinated with copper, probably through an unidentate link,
due to high separation between both asymmetric and sym-
metric bands (200 cm1).

The FTIR spectrum of the copper specimen exposed to
100 ppm acetic vapor was similar to that of the 50 ppm
acetic acid vapor exposed specimen, with the v (COO-) at
1609 cm' (very strong) and 1564 cm1 (shoulder) and the v
(COO-) at 1427 cm1 (strong) and 1398 cm' (shoulder). The
separation between the two vibrational modes decreases,

Fig. 8. FuR spectrum for specimens exposed to 10, 50, and
200 ppm acetic acid vapor for 21 days.

which may be interpreted as the buildup of acetate com-
pound with a bridging-type structure between two copper
atoms, as occurs in the copper acetate dihydrate structure,
Cu(CH3COO)2.2H2O, which presents a dimeric structure in
which two copper atoms are held together by four acetate
bridges.9 This situation is more evident in the FTIR spec-
trum of the copper specimen exposed to 200 ppm acetic
vapor; where the v, (COO) appeared at 1605 and 1560 cm1
and the v (COO-) shifted to high wavenumbers, at 1448 and
1422 cm1. The FTIR spectrum of the copper specimen
exposed to 300 ppm acetic vapor was similar to the latter, in
both cases the water band was observed to have a fine
structure with maximums at 2489, 3392, and 3284 cm'.

Thermogravimetric and thermo differential analyses.—
Figure 9a shows TG and DTA curves corresponding to the
copper specimen exposed to 100 ppm acetic vapor. A first
weight loss (1.63%) can be observed between 75 and 123°C
in the TG curve and is assigned to the dehydration process
of copper acetate hydrate. Immediately after; a second
weight loss (3.26%) occurs up to 178°C, which may be at-
tributed to dehydroxilation of basic copper acetate, cor-
roborating the above XRD results. These two weight loss-
es correspond with endothermic peaks on the DTA curve
centered at 100 and 129°C (see Fig. 9a inset). A third
weight loss (21.63%) takes place between 193 and 266°C,
attributed to the oxidation of copper acetate to yield
tenorite (CuO)
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Fig. 9. TG and DTA curves for copper exposed for 21 days to (a)
100, (b) 200, and (c) 300 ppm acetic acid vapor. An inset DTA
curve is also included for 100 ppm acetic vapor.
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Cu(CHC00)2 + 4 02 - CuO + 4C02 + 3H20

= —1614.4 kJ/mol [8]

Immediately afterward, a weight increase (4.86%) occurs
up to 550°C due to the oxidation process of cuprite

Cu,0 + -. 2CuO H = —134.7 kJ/mol [9]

with tenorite being identified by XRD as the final decom-
position product. These latter processes are partially over-
lapped, as is shown by the exothermic process observed in
the DTA curve between 220 and 270°C. H at the corre-
sponding temperature has been calculated using the Outo-
kumpu HSC Chemistry 97036-ORC-T program.4°

Figures 9b and c show TG and DTA curves for the cop-
per specimen exposed to 200 and 300 ppm acetic vapors,
respectively. The similar thermal behavior of both samples
on curve shape and mass variation corroborate the XRD
results. Both samples are formed of a mixture of cuprite
and copper acetate, although a very small quantity of cop-
per hydroxide acetate is still present in the copper speci-
men exposed to 200 ppm acetic vapor. A first weight loss
(8.05%) takes place between 85 and 167°C, which is attrib-
uted to the dehydration of copper acetate, corresponding
with the first endothermic peak on the DTA curve. After-
wards, a weight loss (46.5%) takes place and is attributed
to the oxidation of copper acetate, reaction 8, followed by
a weight increase (3.5%) attributed to the oxidation of
cuprite, reaction 9. In both samples the final product from
the decomposition process, identified using the XRD tech-
nique, was also tenorite. On the copper specimen exposed
to 300 ppm acetic vapor, the two processes, reactions 8 and
9, are more differentiated than in the specimen exposed to
200 ppm acetic vapor, see for instance the peaks at 304 and
3 10°C of the exothermic process (Fig. 9c).

Scanning electron microscopy—Figure 10 shows the
morphological aspect of a mechanically polished copper
specimen obtained by SEM. Figure lOa shows an unex-
posed mechanically polished copper specimen included as
reference, in which the scratched surface can be observed.
When copper is exposed to an uncontaminated 100% RH
atmosphere for 21 days, the corrosion process starts to
occur as can be observed in Fig. lob. Corrosion starts in the
deepest polished line, where little drops of water are more
easily retained. Figure lOc shows a SEM micrograph of
copper after exposure to 10 ppm acetic vapor for 21 days.
It can be observed that the patination process follows the
orientation of the polished surface. The nonhomogeneous
grain size of this first layer of cuprite is up to 1 p.m. This
layer is not crystallographically ordered and accordingly is
amorphous to the X-ray diffraction.

Figure ila shows the general appearance of copper
exposed to 50 ppm of acetic vapor for 21 days. Two types
of droplets can be observed: clear color droplets (labeled 1)
and dark color droplets (labeled 2). Both types of droplets
are heterogeneous in size (between 0.1 and 0.5 mm diam).
Some of these droplets started to run down the vertically
suspended copper surface and for this reason present an
elongated-circle shape. Figure lib shows a magnification
of a clear droplet in which well-defined cuprite crystals
with straight sides and with a size of more than 4 p.m can
be observed for 21 days. In this figure it is also possible to
observe the droplet boundary and the contrast between
the lower amorphous layer and the much smaller grain
size. Figure lic shows a magnification of a dark droplet,
for 21 days exposure, in which can be seen a dendritic
growth of copper hydroxide acetate from the droplet
boundary, where the local concentration of acetic acid is
higher, toward the interior of the droplet. The formation of
copper hydroxide acetate does not seem to occur at the
expense of the cuprite layer. The arborescent crystalliza-
tions are formed at the expense of acetic vapor which may
penetrate to the base copper through porous cuprite paths.
According to the reaction products formed under droplets,

it may be assumed that clear and dark droplets correspond
to water and acetic droplets, respectively.

Figure 12a shows the general appearance of a copper sur-
face exposed to 100 ppm acetic vapor for 21 days exposure.
It can be observed that the patina consists of irregular pro-
tuberances, such as hollow towers perpendicular to the
copper surface. Three different crystal morphologies can be
observed which may correspond to copper hydroxide
acetate (labeled 1), copper acetate (labeled 2), and cuprite
(labeled 3), which also show different developments. Thus,
some crystal macles of cuprite of 100 p.m size can be
observed. Figure 12b presents a SEM micrograph attrib-
uted to copper hydroxide acetate for 21 days exposure, with
well-formed rectangular prismatic crystals, some of them

Fig. 10. SEM micrographs for (a) unexposed mechanically pol-
ished copper, (b) copper exposed to uncontaminated 100% RH for
21 days, and (c) copper exposed to 10 ppm acetic acid vapor for
21 days.
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up to 10 m in length with well-defined face and sides
growing over the lower layer of copper oxide. Another
phase with a different crystalline habit can be observed,
consisting of small irregular plate-like crystals growing
perpendicular to the copper hydroxide acetate phase and
attributed to copper acetate. Figure 12c presents a zone
with plate-like crystals of copper acetate developed over
prisms of copper hydroxide acetate for 21 days exposure.

Figure 13a shows a SEM micrograph of a copper speci-
men exposed to 200 ppm acetic vapor for 21 days. It is pos-
sible to observe plate-like copper acetate crystals over the
lower copper oxide phase. It should be pointed out that in
this figure the cementation process of small oxide particles
to the lower layer is caused by the high concentrations of
acetic acid. These results agree well with the mechanisms
proposed by Graedel in relation with copper patina for-

-: I •4m. S

- .

Fig. 11. SEM micrographs for copper exposed to 50 ppm acetic
acid vapor for 21 days: (a) general appearance, 1 water droplet,
2 = acetic droplet, (b) a magnified zone with a water droplet
boundary, and (c) a magnified zone with a droplet of acetic acid.

mation processes in atmospheres contaminated with or-
ganic compounds.26

Figure 13b shows a SEM micrograph of a copper speci-
men exposed to 300 ppm acetic vapor for 21 days. Here the
copper acetate layer covers all the copper surface, not only
local zones as in the previous sample. In some zones it is pos-
sible to observe large cuprite crystals (labeled 1) which arise
between the copper acetate crystals, showing an irregular
growth pattern due to the high acetic vapor concentration.

Conclusions
Aceticvapor produces a high copper corrosion rate, in the

range of ito 23 mdd. Under the tested experimental condi-
tions, the effect of 100% RH on the corrosion process is very
low and is only observed in small local zones. Low acetic
vapor concentrations induce an acceleration of the corro-

I

I mm

Fig. 12. SEM micrographs for copper exposed to 100 ppm acetic
acid vapor for 21 days: (a) general appearance, 1 = copper
hydroxide acetate, 2 = copper acetate, 3 = cuprite, (b) copper
hydroxide acetate crystals, and (c) copper acetate crystals.
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sion process, and in this case the formation of cuprite takes
place in a more or less uniform way over all the copper.

The main components of the patina were cuprite, copper
acetate, and copper hydroxide acetate. This last compound
has been well characterized in this paper. The experimen-
tal results show the influence of acetic vapor on the
cementation of patina layers formed on copper. At low
acetic concentrations, the molecules enter patination reac-
tions by adsorption from the gas phase to the wetted cop-
per surfaces. The reaction takes place on the adsorbed film
of water, and the patina is initially developed in a uniform
manner. As the acetic concentration increases, the copper
hydroxide acetate and copper acetate start to develop on
local zones from droplets of acetic acid adsorbed on the
surface. This may indicate that at the highest acetic con-
centrations the reaction mechanism is different and in this
case the molecules enter patination reactions by their
incorporation into droplets, followed by the interaction of
these droplets with the copper. The presence of basic cop-
per acetate in the patina means that the patination process
has not finished and the high acetic vapor concentration
continues to modify the patina.
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Fig. 13. SEM micrographs for copper exposed to (a) 200 ppm
acetic acid vapor and (b) 300 ppm acetic acid vapor, 1 = cuprite,
for 21 days.
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