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A comparative study on copper corrosion
originated by formic and acetic acid vapours
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The copper corrosion rate and products originated by the action of formic and acetic acid
vapours at a 100% relative humidity were studied. Copper specimens were exposed to
formic and acetic acid vapours for a period of 21 days. Five formic and acetic acid vapour
concentrations (10, 50, 100, 200 and 300 ppm) were tested. Copper corrosion rates of up to
1300 mg m~2 d~' (mmd) for formic acid and up to 2300 mmd for acetic acid were measured
using a gravimetric method. The corrosion-product layers were characterised using
electrochemical, X-ray powder diffraction and scanning electron microscopy techniques.
Some of the compounds identified were: cuprite (Cu,0), for both acids; cupric hydroxide
monohydrate (Cu(OH), - H,O) and copper formate tetrahydrate (Cu(HCOO), - 4H,0), for
formic acid; and copper acetate dihydrate (Cu(CH3COO), - 2H,0) and copper hydroxide
acetate dihydrate (Cus(OH)(CH3COOQO); - 2H,0), for acetic acid.
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1. Introduction

Certain organic acid vapours are known to corrode met-
als like copper, steel, nickel, zinc, aluminium and mag-
nesium in enclosed spaces (packages or containers) dur-
ing storage and transportation [1-6].

Organic acid anions constitute about 0.1 to 1% of
the total ion concentration in the corrosion-products
(patina) on copper exposed to outdoor atmospheres for
long periods [6]. The presence of formic and acetic
acids has been also detected in rainwater [7, 8].

In the case of packaged parts and machinery, acetic
acid vapour is released by woods and certain paints,
plastics, rubbers, resins and other materials likely to
be found alongside packaged metal items. This is es-
pecially the case in tropical conditions, due to the high
temperatures, humidity and attack by micro-organisms,
as well as the hydrolysis of the polyvinyl acetate used
as binder [9—-11]. Acetic acid vapours are 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.

Other acids can also cause copper deterioration.
Thus, wood, plywood and chipboard binding resins
and some rubbers and paints give off highly corrosive
formic acid vapours, mainly in hot humid environments
[12]. In automobiles, the high temperature decomposi-
tion of ethylene glycol produces formic acid. The hy-
drolysis of chlorinated organic solvents also produces
carboxylic acids [13].

Formic, acetic and propionic acids have been associ-
ated with early corrosion failure of copper tubes used in
air-conditioning and heat exchanger systems, which has
been described in the literature as “ant-nest” corrosion
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[9,13-17]. Both formic and acetic acids cause metal
corrosion at very low concentrations [6,7, 13].

The aim of this paper is to study the corrosion be-
haviour of copper exposed to formic and acetic acid
vapours for a short period of time (21 days) at 100%
relative humidity. The solid phases formed on copper
surfaces were analysed in order to contribute to knowl-
edge of the effect of these vapours on the atmospheric
corrosion mechanism of copper.

2. Materials and methods

The experimental procedure has been described else-
where [18, 19]. Corrosive environments were generated
in an airtight 2.4 1 glass vessel. In order to obtain a
vapour concentration of formic or acetic acid, it was
assumed that the partial pressure of solvent vapour in
equilibrium with a dilute solution is directly propor-
tional to the mole fraction of solvent in the solution,

P=xP ey

which is the expression of Raoult’s law [18], where P
is the partial pressure of the solvent (formic or acetic
acid) above the solution (in mm Hg), Py is the vapour
pressure of the pure solvent (formic or acetic acid), and
x is the mole fraction of solvent in the mixed aqueous
solution (pure formic or acetic acid and distilled water).

The concentration of formic or acetic acid in the
vapour phase (C), expressed in ppm (parts per million,
10%, by weight), can be written as

P

(760>M

~ 7 10% = 45.37MP
29

2)
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where M is the molecular weight of formic or acetic
acid, 760 is the amount of mm Hg in one atmosphere,
and 29 is the molecular weight of air.

If G is the mass of formic or acetic acid, expressed
as number of grammes in a 1000 ml solution, then x
can be written as

G/M

~ ——— =18x107°G/M 3
X~ 7000/18 % / 3

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

C
=1.8 x 107%(G/M)P, 4
4537M x 1074G/M)Py @)
therefore
C
G=12— 5
P ®)

The P, value was obtained from Fig. 1. This was
drawn using data from the literature and the Claussius-
Clapeyron equation (logPy=—A/T + B) [20]. It can
be observed that for both acids the log P, value de-
creases as 1/T increases and that for a given tempera-
ture, P, is higher for formic acid than for acetic acid.

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

Five formic and acetic acid concentrations: 10, 50,
100, 200 and 300 ppm were tested. The vapour con-
centration of formic or acetic acid was obtained by
replacing the 350 ml of distilled water at the bottom
of the airtight glass vessel with a solution containing
the appropriate amount of 85% formic acid (Merck)
or glacial acetic acid (Merck), in line with Equation 5.
These acid levels were chosen in order to accelerate the
copper 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.
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Figure 1 Vapour pressure (in pascal, Pa) against Kelvin temperature of
formic and acetic acids.
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The copper used had the following chemical com-
position (mass %): 0.015 Pb, 0.009 Sn,<0.001 Al,
<0.002Sb, <0.001 As, <0.001 Bi, <0.001 Fe,
0.003 Ni, 0.019 P, <0.001 Mn, with the balance in Cu.
The copper was phosphorus-deoxidised and had a low
residual phosphorus content (type Cu-DLP, ISO 1337
Standard). Mechanically polished specimens were pre-
pared with different grades of emery paper in dry con-
ditions down to grade 600 and tested immediately.

Vertically suspended 5 cm x 5 cm copper specimens
were exposed to the action of formic or acetic acid
vapour for a period of 21 days. The temperature was
held 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 na-
ture of the surface corrosion products was determined.
For comparative purposes a copper reference specimen
was exposed to an uncontaminated 100% RH atmo-
sphere under identical experimental conditions.

Gravimetric tests were carried out taking measure-
ments at the beginning of the experiments and at their
end, following the removal of the corrosion products us-
ing a 10% H,SO4 aqueous solution, in accordance with
ASTM G-1 Standard. The experiments were performed
in triplicate, i.e. the gravimetric corrosion rate is listed
as the average value of three specimens studied under
identical experimental conditions. The reproducibility
of the gravimetric experimental results was higher than
95%. An electronic analytical balance with a precision
of £0.1 mg was utilised.

Electrochemical studies were performed by cathodic
reduction using a EG&G PARC, model 273 A, potentio-
stat/galvanostat. The classic three-electrode configura-
tion was utilised, employing a saturated calomel elec-
trode (SCE) as reference and a platinum gauze cylinder
of 36 cm? area as the counter electrode. The surface of
the specimen was masked using a corrosion protection
tape, leaving an uncovered area of 1 cm? as the work-
ing electrode. Experiments were carried out under static
conditions at room temperature. A 0.1 M sodium bo-
rate solution (500 ml) pH ~ 9 and analytical-grade was
utilised as supporting electrolyte for the cathodic re-
duction experiments [21]. The solution was de-aerated
by bubbling nitrogen through the system for one hour
before the start of experimentation and throughout its
duration.

The solid phases formed on the copper surface
were characterised by X-ray powder diffraction (XRD),
employing a Siemens D-500 diffractometer with
monochromatised Cu Ko radiation. Patterns were
recorded from 10 to 60 26 degrees, in the step scanning
mode, with a 0.025° (260) step and 2 s counting time.

A Jeol JXA-840 scanning electron microscope
(SEM) was utilised to perform morphological observa-
tions. Conducting specimens for SEM were prepared
by gold sputtering the copper specimens.

3. Results and discussion

Fig. 2 reports the corrosion rate estimated from gravi-
metric data, expressed as milligram per metre? per day
(mmd), for copper exposed to formic and acetic acid
vapours for 21 days experimentation. It can be observed
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Figure 2 Copper corrosion rate against formic and acetic acids content
in the atmosphere of an airtight 2.4 1 glass vessel, after 21 days’ exposure
at 100% RH and 30°C. Corrosion rate was expressed as milligram per
metre? day (mmd).

that the copper corrosion rate increases in line with the
increase in both formic and acetic concentrations. The
copper corrosion rate increases following the parabolic
law of formic and acetic acid vapour concentration de-
pendence. This behaviour is typical of materials where
the corrosion product layer plays an important role in
the protection of the material [1]. There seems to be a
formic and acetic acid vapour contamination thresh-
old (200 ppm) above which the corrosion rate sta-
bilises. This may be related to the formation of a copper
compound which protects the copper surface. Formic
acid vapour gave a lower copper corrosion rate than
acetic acid vapour. For instance, at 300 ppm formic acid
vapour caused a copper corrosion rate of 1300 mmd,
while acetic acid vapour gave 2300 mmd.

Considering that the dissociation constant in aque-
ous solution is higher for formic acid than for acetic
acid (1.77 x 107* and 1.76 x 1073 at 25°C, respec-
tively), formic acid vapour may be expected to orig-
inate a higher copper corrosion rate than acetic acid
vapour [22]. The nature of the corrosion products is in-
fluenced by the corrosivity of the vapour phase formic
or acetic acid. In the presence of formic acid vapour
the corrosion product layer was very compact and ad-
herent, while in the presence of acetic acid vapour it
was poorly adherent and of a porous nature. This may
explain why formic acid vapour gave a lower corrosion
rate than acetic acid vapour. These results agree with
the literature for the case of mild steel vapour phase
corrosion [1, 12].

Fig. 3 shows cathodic reduction curves for copper
specimens exposed to 10 ppm of formic acid vapour
for several exposure times. Four peaks can be observed
in the plot corresponding to one day of experimenta-
tion. The first peak, located at —0.6 Vgcg, has been
attributed to the reduction of amorphous cuprous ox-
ide (cuprite, Cu,0). The second peak, at —0.69 Vgcg,
is attributed to the reduction of copper (II) hydroxide
monohydrate (Cu(OH), - HyO) [23, 24]. The third peak,
at —0.83 VycE, is attributed to the reduction of amor-
phous copper formate grown on the initial amorphous
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Figure 3 Reduction scans in a 0.1 M de-aerated sodium borate solution

for copper exposed to 10 ppm of formic acid vapour. The scans were
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Figure 4 Reduction scans in a 0.1 M de-aerated sodium borate solution
for copper exposed to 10 ppm of acetic acid vapour. The scans were
obtained at a potential sweep rate of 1 mV s~! starting at the open
circuit potential.

cuprite [23-27]. Finally, the fourth peak, observed at
approximately —0.92 Vgcg, should be attributed to cop-
per formate. Similar information was obtained for 4, 14
and 21 days experimentation.

Fig. 4 shows cathodic reduction curves for copper
specimens exposed to 10 ppm of acetic acid vapour.
Three peaks can be observed in the plot corresponding
to one day experimentation. The first peak, located at
—0.6 VscE, has been attributed to the reduction of amor-
phous cuprite [23,24,28,29]. This Cu,0 layer is fre-
quently formed by copper exposure to uncontaminated
air. The second peak, at —0.71 Vgcg, is attributed to the
reduction of crystalline cuprite formed on the initial
amorphous cuprite. Finally, the third peak, observed at
approximately —0.9 Vscg, should be attributed to cop-
per acetate, as is explained later in the text. As in Fig. 3,
similar information was obtained for 4, 14 and 21 days.

In general, formic and acetic acid vapours at 10, 100
and 300 ppm show a potential peak shift to more ca-
thodic values with experimental time as the formic and
acetic acid vapour contents in the air increase. This
behaviour may be associated with the thickening of
the patina layer. One of the most important differences
between formic and acetic acid vapours is that copper
hydroxide is formed only in the presence of formic acid.

Fig. 5 shows the recorded potential against time plot
for the cathodic stripping of copper exposed to 10 ppm
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Figure 5 Cathodic stripping for copper exposed to 10 ppm of formic

acid vapour. A 0.1 M de-aerated sodium borate solution was used as
supporting electrolyte. Current density 250 A cm™2,
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Figure 6 Cathodic stripping for copper exposed to 10 ppm of acetic
acid vapour. A 0.1 M de-aerated sodium borate solution was used as
supporting electrolyte. Current density 250 A cm™2.

of formic acid vapour using a 0.1 M de-aerated sodium
borate solution. Two reduction regions can be observed
at —0.77 Vscg and —0.87 V¢ in the plot correspond-
ing to one day experimentation. In the plots for 4 and 21
days a broad plateau can be observed between —0.82
and —0.88 VscE, after which the appearance of hydro-
gen bubbles on the copper surface caused the potential
to stabilise, indicating that all the corrosion products on
the copper had been reduced and that the copper surface
was being cleaned.

Fig. 6 shows cathodic stripping curves for copper
specimens exposed to 10 ppm of acetic acid vapour.
Two and three reduction regions can be observed. Re-
gions I-IT and II-III for one day, A-B and B-C for 4 days
and 1-2 for 21 days were defined by a drop in poten-
tial followed by a small plateau, in turn followed by an
inflection point. An extensive plateau, regions 2-3 and
3-4for 21 days, was formed before the second and third
inflection points, after which the potential stabilised.

The layer thickness was determined using Faraday’s
law [30, 31]. The transition from one reduction process
to the next has been determined by a peak in the first
derivative of the experimental data, in accordance with
ASTM B-825 Standard. Thickness data was calculated
assuming the average density of oxide layers in the
region of —0.77 Vscg to be equal to that of copper
(I) hydroxide monohydrate (3.37 g cm™3), those in the
region from —0.82 to —0.88 Vgcg to be equal to that
of copper formate (1.81 g cm™3), those in regions 1-2,
A-B, and I-II to be equal to that of amorphous cuprite
60¢g cm_3), and those in region 2-3, B-C, and II-III
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TABLE I Thickness of corrosion-product layer for copper exposed to
10 ppm formic and acetic acid vapours

Acid Time (days) Compound Thickness (nm)
Formic 1 Amorphous cuprite 2.78
Cupric hydroxide 5.62
Copper formate 72.66
4 Copper formate 213.13
11 Copper formate 250.26
21 Copper formate 264.79
Acetic 1 Amorphous cuprite 4.0
Cuprite 11.1
4 Amorphous cuprite 5.9
Cuprite 22.6
11 Amorphous cuprite 8.7
Cuprite 48.8
21 Copper acetate 225.4

equal to that of cuprite (6.0 g cm ™). Finally, region 3-4
was attributed to copper acetate (1.88 g cm™3). Despite
alack of information about the surface roughness factor
of the specimens, and assuming the layer to be uniform,
the thickness under conditions appertaining to Figs 5
and 6 was approximately as indicated in Table I. As can
be observed, the corrosion product layer is thicker for
formic acid than for acetic acid.

Fig. 7 depicts XRD patterns recorded from 10 to 60
26 degrees for all the specimens exposed to formic acid
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Figure 7 XRD patterns for copper exposed to 0, 10, 50, 100, 200 and
300 ppm of formic acid for a period of 21 days, Cu = metallic copper,
¢ = cuprite, x = copper hydroxide monohydrate and f = copper formate.



vapour. The diagrams corresponding to specimens ex-
posed to an uncontaminated atmosphere (0 ppm) and
10 ppm of formic acid vapours were obtained from di-
rect analysis of the specimens. Patterns for the other
specimens were recorded from analysis of the pow-
dered solids from scratched specimens. In Fig. 7 the
XRD pattern for the specimen exposed to an uncontam-
inated atmosphere (pattern labelled 0) only shows the
reflections dj11 (20 =43.32°) and dhyo (260 =50.47°)
corresponding to metallic copper. For specimens ex-
posed to 10 ppm of formic acid vapour, the XRD pat-
tern, in addition to metallic copper peaks, shows max-
imums for the reflections dyg; (260 = 13.25°) and dyp»
(26 =26.72°) corresponding to copper (II) hydroxide
monohydrate [JCPDS 42-746] (peaks labelled x). The
XRD patterns for copper specimens exposed to 50
and 100 ppm of formic acid vapour show the pres-
ence of Cu(OH), - H,O along with the diffraction max-
imums corresponding to cuprite [JCPDS 5-667] (peaks
labelled c). As can be observed, a third not well-
crystallised phase started to form at these contamina-
tion levels. This phase may consist of copper hydroxide
formate (Cu(OH)(HCOO)), originated as an interme-
diate reaction product (see the reaction of Equation 12
later in the text). Peaks corresponding to cuprite de-
crease as the formic acid vapour level increases from
100 up to 300 ppm. A similar evolution is observed
with copper hydroxide, in the pattern corresponding to
specimens exposed to 300 ppm of formic acid vapour,
in which diffraction maximums for that phase are
hardly observed. Peaks corresponding to copper hy-
droxide formate start to appear in the pattern exposed
to 200 ppm of formic acid vapour and are much better
defined in the pattern corresponding to 300 ppm (peaks
labelled f). Copper hydroxide formate may be assumed
to be a tetrahydrate salt because of the first very strong
reflection, 260 = 13.08°, but the highly complex pattern
may indicate a mix of different hydrate salts. Copper hy-
droxide formate seems to form from copper hydroxide,
thus in the pattern corresponding to specimens exposed
to 200 ppm of formic acid vapour both phases coexist,
but as the concentration of formic acid in the vapour
phase increases up to 300 ppm, peaks corresponding to
copper hydroxide disappear. This may be explained by
a dissolution-precipitation reaction mechanism.

Fig. 8 depicts XRD patterns for specimens exposed
to 50, 100, 200 and 300 ppm of acetic acid vapour for
21 days exposure. The pattern for the specimens ex-
posed to 10 ppm of acetic acid vapour is not included
in the figure since it showed the peaks corresponding
to metallic copper only, though the pattern background
seems to indicate the presence of amorphous phases.
The crystalline phases observed on the copper specimen
exposed to 300 ppm of acetic acid vapour are copper
acetate dihydrate (Cu(CH3COQ); - 2H,0) [JCPDS 27-
145], as the principal component, and cuprite [JCPDS
5-667]. The XRD patterns for 50 and 100 ppm of acetic
acid vapours show the presence of a third phase, which
may be attributed to copper hydroxide acetate dihydrate
(Cuyg(OH)(CH3COO)7 - 2H,0) [18]. This phase (peaks
labelled h) starts to form on the 50 ppm of acetic con-
tamination specimen, is the principal component on the
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Figure 8 XRD patterns for copper exposed to 50, 100, 200 and 300 ppm
of acetic acid for a period of 21 days, ¢ = cuprite, h = copper hydroxide
acetate, and a = copper acetate dihydrate.

100 ppm acetic specimen, and is the minority compo-
nent on the 200 ppm acetic specimen. In addition to
copper hydroxide acetate dihydrate, all the XRD pat-
terns show cuprite (peaks labelled c¢) and copper acetate
dihydrate (peaks labelled a). The presence of basis cop-
per acetate has been observed by the authors on pati-
nas formed on copper exposed to laboratory and out-
door atmospheres [31]. According to XRD results the
formation of copper hydroxide acetate dihydrate 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:
CuO/CuO/Cu(OH); or CuO - xH;0 in the first passi-
vating layer [26, 32, 33]. The presence of hydroxide or
hydrated oxide at the initially exposed copper surface
provides a building block for the formation of basis
copper acetate. The formation of copper hydroxide ac-
etate dihydrate may be as follows

4CuO - xH,0 + 7CH;COOH — Cuy(OH)
x (CH;COO); - 2H,0 + (x + DH,O0  (6)

This copper hydroxide acetate evolves to form cop-
per acetate under the atmospheric conditions of high
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concentration of acetic acid, by the reaction

Cus(OH)(CH3COO); - 2H,0 + CH3COOH
— 4Cu(CH3COO), - 2H,0 + H,O 7

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

According to XRD results, two main differences are
observed on copper corrosion in the presence of formic
and acetic acid vapours: (1) the formation of copper
(IT) hydroxide monohydrate even when the formic acid
concentration is as low as 10 ppm. This compound was
not observed as a crystalline phase in experiments con-
ducted with acetic acid; and (2) the formation of cop-
per formate salt at the expense of the copper hydroxide,
which may indicate an acid-base reaction by means of a
dissolution-precipitation mechanism. This salt started
to form at concentrations above 100 ppm. In the case
of acetic acid vapour, the formation of copper acetate
or hydroxide (copper hydroxide acetate) starts at con-
centrations as low as 50 ppm. These salts seem to form
by the reaction of acetic acid vapour with a depth layer
of copper through porous cuprite paths.

In the first stage, when copper is exposed to 100%
RH the water vapour that is adsorbed causes a corrosion
process starting at local surface defects, and this pro-
cess may be catalysed by formic acid. The first reaction
taking place is

4Cu + O, + 4H' — 4Cu™ + 2H,0
AHjzp.c = —283.671 kJ ®)

and as the first solid corrosion product, whit formic acid,
is copper hydroxide monohydrate (Cu(OH), - H,O), ac-
cordingly the copper (I) must be oxidised

4Cu't + Oy + 4H" — 4Cu** + 2H,0
AHjzpc = —596.300 kJ 9)

The reaction of Equation 9 is favoured in the case of
formic acid due to the higher value of the dissociation
constant as established above.

The cathodic reaction
0,+42H,0+4e~ — 40H™ AHjzp.c = —270.908 kJ

(10)

produces hydroxyl ions, which may migrate towards
the anode to form copper hydroxide. The formation of
copper hydroxide can take place during or after the dry-
out of the droplets.

The presence of hydroxide or hydrated oxide on the
initially exposed copper surface provides a building
block for the formation of copper formate. The forma-
tion of copper formate may be as follows: (i) on local
surface areas from Cu(OH), - H,O

Cu(OH); - H,0 4 2HCOOH— Cu(HCOO), + 3H,0
AHjzp.c = —178.322 kJ 11
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However at a low formic acid concentration, the for-
mation of copper hydroxide formates, as intermediate
reaction products, may be considered according to the
reaction

Cu(OH),;-H,0+HCOOH — Cu(OH)(HCO0)+2H,0
(12)

(ii) Copper hydroxide formate spreads across the
copper surface from cuprous ions. According to Notoya
[13—15], a complex is formed between formic acid and
cuprous ions, generated in the reaction of Equation 8

8Cut + 8HCOOH + O, — 4Cu(HCOO),
+2Cu0 + 8H" AH30.c = —740.680kJ  (13)

In the reaction of Equation 13 both cuprite and cupric
formate are formed. Cuprite can also be formed by

2Cut 4+ 20H™ — Cu,0 + H,0
AHzpc = —138.429 kL (14)

Hydroxyl ions are originated in the cathodic reaction,
see the reaction of Equation 10.

Fig. 9 shows the SEM morphological aspect of an
unexposed mechanically polished copper specimen in-
cluded as a reference; in which the scratched surface
can be observed. When copper is exposed to an un-
contaminated 100% RH atmosphere for 21 days the
corrosion process starts to occur as can be observed in
Fig. 10. Corrosion starts in the deepest polished line,
where water droplets are more easily retained.

Fig. 11 shows a SEM micrograph of a copper spec-
imen exposed to 10 ppm of formic acid vapour for 21
days. It can be observed that the corrosion has spread
further over the surface. The corrosion layer is non-
uniform and corrosion products have grown on certain
local surface areas from droplets of formic acid ad-
sorbed on the surface. The acid molecules enter patina-
tion reactions by their incorporation in droplets, which
subsequently interact with the copper to originate lo-
cal attack. In these areas crystalline copper hydroxide
has developed. Fig. 12 shows the general appearance of
copper exposed to 50 ppm of formic acid vapour. It can
be observed that the copper surface is totally covered
with corrosion products. The corrosion layer thickness

Figure 9 SEM micrograph for an unexposed mechanically polished cop-
per surface.



Figure 10 SEM micrograph for a copper specimen exposed to an un-
contaminated atmosphere at 100% RH for 21 days.

Figure 13 SEM micrograph for a copper specimen exposed to 100 ppm
of formic acid vapour for 21 days.

Figure 11 SEM micrograph for a copper specimen exposed to 10 ppm
of formic acid vapour for 21 days.

Figure 12 SEM micrograph for a copper specimen exposed to 50 ppm
of formic acid vapour for 21 days.

varies across the surface. It can also be observed that
corrosion products have precipitated inside a ring from
the deposition of a droplet. Fig. 13 shows different mor-
phological aspects of corrosion products formed when
copper is exposed to 100 ppm of formic acid vapour.
At this level of formic acid vapour the corrosion layer
is very porous and copper surface passiveness is not
attained.

Fig. 14 shows a SEM micrograph of a copper spec-
imen exposed to 10 ppm of acetic acid vapour for 21
days. It can be observed that the patination process fol-
lows the orientation of the polished surface. The non-
homogeneous grain size of this first layer of copper
(I) oxide is up to 1 pum. This phase is not crystallo-
graphically ordered and accordingly is amorphous to

Figure 14 SEM micrograph for a copper specimen exposed to 10 ppm
of acetic acid vapour for 21 days.

Figure 15 SEM micrograph for a copper specimen exposed to 50 ppm
of acetic acid vapour for 21 days.

the XRD. Fig. 15 shows a dark droplet, in which it is
possible to see dendritic growth of copper hydroxide
acetate from the droplet boundary, where the local con-
centration of acetic acid is higher, towards the interior
of the droplet. The formation of copper hydroxide ac-
etate does not seem to occur at the expense of the cuprite
layer. Fig. 16 shows the general appearance of a cop-
per surface exposed to 100 ppm of acetic acid vapour
for 21 days exposure. It can be observed that the patina
consists of irregular protuberances, such as hollow tow-
ers perpendicular to the copper surface. Some crystal
macles of cuprite of 100 um size can be observed.
Fig. 17 shows a SEM micrograph of a copper speci-
men exposed to 200 ppm of formic acid vapour for
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Figure 16 SEM micrograph for a copper specimen exposed to 100 ppm
of acetic acid vapour for 21 days.

Figure 17 SEM micrograph for a copper specimen exposed to 200 ppm
of formic acid vapour for 21 days.

Figure 18 SEM micrograph for a copper specimen exposed to 300 ppm
of formic acid vapour for 21 days.

21 days. High crystalline growth can be observed with
quite perfect crystals of copper hydroxide and cuprite.
Copper formate seems to develop from later deposi-
tions. This morphology is consistent with a dissolution-
precipitation mechanism for the formation reaction
of copper formate. The wave-like and smooth-surface
morphologies may indicate a rapid dry-out process.
Fig. 18 shows a SEM micrograph of a copper speci-
men exposed to 300 ppm of formic acid vapour for
21 days. It can be observed that the copper surface is
covered with a smooth-surface bubble-like layer.

Fig. 19 shows a SEM micrograph of a copper speci-
men exposed to 200 ppm of acetic acid vapour for
21 days exposure. It is possible to observe plate-like
copper acetate crystals over the lower copper oxide
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Figure 19 SEM micrograph for a copper specimen exposed to 200 ppm
of acetic acid vapour for 21 days.

Figure 20 SEM micrograph for a copper specimen exposed to 300 ppm
of acetic acid vapour for 21 days.

phase. It should be pointed out that in this figure the ce-
mentation process of small oxide particles to the lower
layer is yielded by the high concentrations of acetic
acid. These results agree well with the mechanisms
proposed by Graedel in relation with copper patina
formation processes in atmospheres contaminated with
organic compounds [34]. Fig. 20 shows a SEM micro-
graph of a copper specimen exposed to 300 ppm of
acetic acid vapour for 21 days. Here the copper acetate
layer covers all the copper surface, and not only local
zones as in the previous specimen. In some zones it
is possible to observe large size cuprite crystals which
arise between the copper acetate crystals, showing an ir-
regular growth pattern due to the high acetic acid vapour
concentration.

4. Conclusions

Copper corrosion rate was in the range from 100 to
1300 mmd for the formic acid vapour and in the range
from 100 to 2300 mmd for the acetic acid vapour, using
10, 50, 100, 200 and 300 ppm contamination levels for
both acids at a 100% relative humidity for a period of
21 days exposure.

The main components of the patina were cuprite,
cupric hydroxide monohydrate and copper formate
tetrahydrate in the case of formic acid vapour. In
the presence of acetic acid vapour, cuprite, copper
acetate dihydrate and copper hydroxide acetate dihy-
drate were the main compounds identified. At low
formic acid vapour concentrations, the components of



the patina were mainly cuprite and copper hydroxide.
The latter formed during or after the dry-out of the ad-
sorbed film of water and condensed formic acid vapour
acid droplets on the copper surface. In the presence of
low acetic acid vapour the molecules enter patination
reactions by adsorption from the gas phase to the wet-
ted copper surfaces. In both acid vapours the patina
is initially developed in a uniform manner. At inter-
mediate formic acid vapour concentrations a third not
well-crystallised copper formate hydrate phase started
to form. As the formic concentration increased from
100 up to 300 ppm, the cuprite and copper hydroxide
components decreased and the presence of copper for-
mate was more evident on local surface areas around
droplets of formic acid adsorbed on the surface, orig-
inated by a dissolution-precipitation reaction mecha-
nism. For the case of acetic acid vapour, as the acid
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 concentrations
the reaction mechanism is different and in this case the
molecules enter patination reactions by their incorpo-
ration in droplets, followed by the interaction of these
droplets with the copper.
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