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RoÈ ntgenspektroskopie XPS
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Copper corrosion products originated by the action of formic acid
vapours at 40% and 80% relative humidity for a period of 21 days
were analysed. Three formic vapour concentration levels (10, 100
and 300 ppm) were generated in laboratory tests at 30 8C. The cor-
rosion product layers were characterised using X-ray photoelectron
spectroscopy (XPS) in conjunction with Ar�-ion sputtering. The
components identified in the patina layers were cuprite (Cu2O),
copper hydroxide (Cu(OH)2) and copper formate (Cu(HCOO)2).
Copper formate was formed by a complex mechanism including
copper hydroxide and formic acid.

In der vorliegenden Arbeit werden die auf Kupfer durch Einwir-
kung von AmeisensaÈuredaÈmpfen waÈhrend eines Zeitraums von 21
Tagen bei einer relativen Luftfeuchtigkeit zwischen 40% und 80%
gebildeten Korrosionsprodukte untersucht. In Laborversuchen wur-
den bei einer Temperatur von 30 8C AmeisensaÈuredaÈmpfe mit Kon-
zentrationen von 10, 100 und 300 ppm erzeugt. Die Untersuchung
der Korrosionsprodukte erfolgte mit der fotoelektronischen RoÈnt-
genspektroskopie (XPS) zusammen mit einem Abtrag durch Ar-
gon-Ionen. Es wurden folgende Verbindungen festgestellt: Rotes
Kupferoxid (Cu2O), Kupferhydroxid (Cu(OH)2) und Kupferformiat
(Cu(HCOO)2). Das Kupferformiat bildete sich in einem komplexen
Prozeû unter Beteiligung von Kupferhydroxid und AmeisensaÈure.

1 Introduction

Copper corrosion originated by organic acid vapours is a
phenomenon which has been observed for a long time since
the pioneering work of Vernon [1]. The main source of these
organic acids outdoors are industrial processes. Adhesives
from synthetic building materials, certain paints, plastics
and wood all release organic acids and can cause the degrada-
tion of nearby metals [2, 3]. Insecticides are also suspected to
be corrosive agents [4]. Carboxylic acid aggressiveness
increases as the number of carbon atoms in the alkyl chain
decreases: C4H9COOH < C3H7COOH < C2H5COOH <
CH3COOH < HCCOH [5]. Organic acid anions constitute
about 0.1 to 1% of the total ion concentration in the corrosion
products on copper exposed to the outdoor atmosphere for
long periods [6]. A recent paper has reported an unusual
type of localised corrosion in copper tubes used in air-condi-
tioning units, described in the literature as ªant-nestº corro-
sion [7]. The morphology of this corrosion is characterised
by microscopic caverns connected by tunnels [8]. It has
been suggested that this type of corrosion may be caused
by decomposition products from chlorinated organic solvents

used to degrease the copper tubes in the manufacturing pro-
cess, and from some types of lubricant oils used during the
copper tubing stamping process [7].

The aim of this work is to study the chemical composition
of corrosion products generated by copper exposure for a per-
iod of 21 days to formic acid vapours in a laboratory experi-
ment at 40% and 80% relative humidity and at 30 8C. X-ray
photoelectron spectroscopy (XPS) in conjunction with argon-
ion sputtering were the techniques utilised.

2 Experimental

The copper used had the following chemical composition
(% mass): 0.009 Sn, < 0.001 As, < 0.001 Bi, 0.003 Ni,
< 0.001 Fe, 0.015 Pb, < 0.001 Mn, 0.019 P, < 0.0005 Ag,
< 0.001 S, < 0.005 C, < 0.002 Sb, < 0.001 Al, the balance
being Cu. The copper was phosphorus-deoxidised and had a
low residual phosphorus content (type Cu-DLP, ISO 1337).

The specimens were mechanically cut from a sheet 1.0 mm
thick and their surfaces were hand-polished with different
grades of emery paper down to grade 600, degreased with
acetone, rubbed energetically with cotton wool soaked in etha-
nol, dried at room temperature and tested immediately.

The experimental procedure has been described elsewhere
[9, 10]. Corrosive environments were generated in an airtight
2.4 L glass vessel. In order to obtain a vapour concentration of

Materials and Corrosion 52, 667±676 (2001) XPS study of copper corrosion 667

Ó WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-5117/01/0909-0667$17.50�.50/0



formic 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 � vP0 �1�
which is the expression of Raoult's law [9], where p is the
partial pressure of the solvent (formic acid) above the solution
(in mm Hg), Po is the vapour pressure of the pure solvent (for-
mic acid), and v is the mole fraction of solvent in the mixed
aqueous solution (pure formic acid and distilled water).

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

C �
p

760

ÿ �
45

29
� 106 � 2:10� 103p �2�

where 45 is the molecular weight of formic acid, 760 is the
amount of mm Hg in 1 atm, and 29 is the molecular weight
of air.

If G is the mass of formic acid, expressed as number of
grams in a 1000 mL solution (this solution is a mix of pure
formic acid and distilled water), then v can be written as

v � G=45

1000=18
� 4� 10ÿ4G �3�

where 18 is the molecular weight of water.
Taking into account Equations (1), (2) and (3), it is possible

to write

C

2:0� 103
� 4� 10ÿ4G P0 �4�

and thus

G � 0:8
C

P0

�5�

The Po value was obtained from Fig. 1. This was drawn
using data from the literature and the Claussius-Clapeyron
equation (log Po � ÿ A/T � B) [11].

The relative humidity (RH) was achieved by placing
350 mL of a saturated aqueous salt solution, according to
ASTM E104 standard, in the bottom of an airtight 2.4 L glass
vessel. A potassium carbonate dihydrate (K2CO3 � 2H2O) so-
lution was used for � 43% RH and an ammonium chloride
(NH4Cl) solution for � 78% RH. The copper specimens
were placed on a perforated ceramic grill situated above
the saturated aqueous salt solution for humidity control.

Three formic acid concentrations: 10, 100 and 300 ppm
were studied. The vapour concentration of formic acid was
obtained by placing a glass vessel with 100 mL of a solution
containing the appropriate amount of glacial formic acid
(Merck), G in Equation (5), on the perforated ceramic grill.
The temperature was maintained at 30 � 1 8C during the ex-
periments by immersing the airtight glass vessel in a thermo-
statically controlled water bath. At the end of the experiments,
21 days, the specimens were analysed using X-ray photoelec-
tron spectroscopy (XPS) in conjunction with Ar�-ion sputter-
ing.

XPS analysis was performed using a VG Microtech model
MT 500 spectrophotometer with an Mg Ka1.2 anode X-ray
source (hm � 1253.6 eV), with a primary beam energy of

1.5 kV and an electron current of 20 mA. The pressure in the
analysis chamber was maintained at 1 � 10ÿ9 Torr throughout
the measurements. The regions of interest were C 1s, O 1s, Cu
2p3/2 and the Cu LMM Auger peak. The instrumentation was
calibrated periodically using Ag 3d5/2 (368.3 eV) and Au 4f7/2
(84.0 eV) substrates. The spectra were integrated for 20 scans.
The XPS spectra were analysed by a least squares fit in order
to obtain more information about the chemical states. The
peaks were fitted using a Gaussian/Lorentzian mixed func-
tion.

XPS in conjunction with Ar�-ion sputtering was used to
characterise the approximate element composition of the sur-
face as a function of depth. Successive sputterings were car-
ried out up to 5 min with a primary beam energy of 5 kV and
an ion intensity of 10 mA.

In order to obtain accurate binding energies (BE) for the
fitting of the XPS experimental data, a standard copper for-
mate (Cu(HCOO)2) and a standard copper hydroxide
(Cu(OH)2) were analysed.

Standard copper hydroxide was prepared by adding 5 mL of
a 5 M NaOH solution to 125 mL of a 0.1 M CuSO4 � 5H2O
solution (Merck). The precipitated copper hydroxide was fil-
tered, washed with distilled water and dried at room tempera-
ture [12]. Copper formate was obtained by dissolving
Cu(OH)2 in formic acid (Merck) and the solution was evapo-
rated at room temperature. The copper hydroxide and copper
formate were powdered just before their analyses in order to
avoid oxidation, pressed into a double-sided adhesive tape and
analysed using the XPS method, in the same experimental
conditions as the subsequent specimens.

2.1 Standard copper formate

Fig. 2a shows the high resolution C 1s spectrum with 4 sig-
nals: peaks at 284.6 eV (attributed to C-C), at 286.1 eV (as-
sociated to C-O) and at 287.6 eV (attributed to C � O) arise

Fig. 1. Variation of formic acid vapour pressure against tempera-
ture

Abb. 1. AÈ nderung des AmeisensaÈure-Dampfdrucks mit der Tem-
peratur
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from hydrocarbon contamination. The peak at 288.3 eV BE is
attributed to O�C±O in the formate molecule. The carbon
peak located at 284.6 eV was utilised to calculate BE displa-
cement originated by differential charging phenomena.
Fig. 2b shows the O 1s spectrum with 3 signals located at
531.6 eV, attributed to the ester group, at 529.7 associated

to copper oxides, and at � 533 eV BE attributed to water
and/or C±O compounds. Fig. 2c includes the Cu 2p3/2 spec-
trum showing 2 components located at 934.3 (corresponding
to copper formate) and at 932.5 eV BE. This latter peak is at-
tributed to cuprite, formed by decomposition of formate by X-
rays. The other 2 signals located at 939.5 and 943.5 eV BE are

Fig. 2. High resolution spectra for standard copper formate (Cu
(HCOO)2). (a) C 1s, (b) O 1s, (c) Cu 2p3/2 and (d) Cu LMM Auger

Abb. 2. Spektren mit hoher AufloÈsung, Standard-Kupferformiat
(Cu(HCOO)2). (a) C 1s, (b) O 1s, (c) Cu 2p3/2 und (d) Cu LMM
Auger

Fig. 3. High resolution spectra for standard copper formate (Cu
(HCOO)2) after 5 min Ar�-ion sputtering. (a) C 1s, (b) O 1s, (c)
Cu 2p3/2 and (d) Cu LMM Auger

Abb. 3. Spektren mit hoher AufloÈsung, Standard-Kupferformiat
(Cu(HCOO)2) nach 5-minuÈtigem Abtrag mit Argon-Ionen. (a) C
1s, (b) O 1s, (c) Cu 2p3/2 und (d) Cu LMM Auger
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satellites characteristic of Cu(II). Finally, Fig. 2d shows the Cu
LMM Auger peak located at 337.9 eV BE.

Table 1 indicates the peak locations and atomic percentages
obtained from the areas of copper formate signals in the C, O
and Cu spectra. It can be observed that the C:O:Cu ratio ob-
tained is 2.00:5.42:1, respectively, with a high oxygen content
compared with the theoretical ratio of copper formate stoicho-
metry, 2:4:1.

Considering that the BE values attributed to copper formate
and the hydroxide group are similar in the oxygen spectrum, it
is probable that excess oxygen may be associated to the OH±

group, as a consequence of formate degradation products from
exposure to X-rays.

Fig. 3 shows XPS results for standard copper formate after
5 min Ar�-ion bombardment. Fig. 3a shows similar compo-
nents to the spectrum without sputtering (Fig. 2a), though
the intensity of the peak located at 284.6 eV BE has decreased
as a consequence of elimination of hydrocarbon contamina-
tion. Fig. 3b results are similar to Fig. 2b, though the area
of the peak attributed to copper oxides has increased. The
most important difference between Figs. 2 and 3 is shown
by the Cu 2p3/2 spectrum, in which the peak corresponding
to formate (934.2 eV) and the corresponding satellites have
decreased dramatically and the narrow peak corresponding
to cuprite and/or metallic copper (932.4 eV) is the main
peak (Fig. 3c). The Cu LMM Auger spectrum (Fig. 3d) shows
2 peaks at high BE as in Fig. 2d and another peak at� 335 eV
BE, indicating the presence of some metallic copper. It is con-
cluded that the copper formate compound is not stable to Ar�-
ion sputtering.

2.2 Standard copper hydroxide

Figs. 4 and 5 show the high resolution spectra for O 1s and
Cu 2p3/2 regions without bombardment and after 5 min of
Ar�-ion sputtering, respectively. The C 1 s signal from the ad-
ventitious carbon (284.6 eV) was utilised for energy referen-
cing. The peak located at � 533 eV BE (Fig. 4a) is attributed
to adsorbed water. The Cu 2p3/2 spectrum (Fig. 4b) shows 2
peaks at 934.1 and 932.5 eV BE, and 2 satellites characteristic
of Cu(II) species. The peak located at 932.5 eV BE is attribu-
table to cuprite (Cu2O), arising from the reduction of the cop-
per hydroxide by X-rays [12, 13]. After Ar�-ion sputtering
(Fig. 5), the main feature is a dramatic increase in the cuprite

components of the spectra, with the corresponding decrease in
the copper hydroxide lines. These results indicate that copper
hydroxide is not stable to Ar�-ion bombardment and is de-
composed to cuprite.

3 Results and discussion

3.1 Copper results for 40% RH

Figs. 6, 7 and 8 show typical high resolution XPS spectra
for copper exposed to 10, 100 and 300 ppm formic acid va-

Table 1. Peak position, sensitivity factor and atomic percentage

Tabelle 1. Lage des Spitzenwerts, Empfindlichkeitsfaktor und Atomprozentzahl

Element Peak Position, eV Sensitivity Factor Atomic Percentage

C±C 284.6 27.3
C C±O 286.1 0.25 1.5

C�O 287.6 1.4
O�C±O 288.3 14.25

O±Cu 529.7 4.9
O O�C±O 531.6 0.66 39.4

C±O 533 2.1

Cu Formate 934.2 4.2 7.3
Cu2O 932.5 1.7

Cu LMM Formate 337.9 ± ±

Fig. 4. High resolution spectra for standard copper hydroxide
(Cu(OH)2). (a) O 1s and (b) Cu 2p3/2

Abb. 4. Spektren mit hoher AufloÈsung, Standard-Kupferformiat
(Cu(OH)2). (a) O 1s und (b) Cu 2p3/2
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pour, respectively, at 40% RH for 21 days experimentation.
Spectrum (a) for C 1s, (b) for O 1s, (c) for Cu 2p3/2 and
(d) for Cu LMM Auger. The figures indicate a differential
charging phenomenon associated to a non-uniform corrosion
product layer showing different conductive properties
[14, 15]. Thus, peak fitting was not performed.

Fig. 6 shows a widening of the peaks at the lower BE side
attributed to undisplaced peaks. The main peaks are displaced
� 3.5 eV. So, this displacement corresponds to positively
charged corrosion products. Fig. 6a shows a shoulder in the
higher BE region attributed to copper formate from the
charged phase. In Fig. 6c for Cu 2p3/2 the main peak can be
attributed to copper formate and/or copper hydroxide from
the charged phase. Also in this figure the widening originated
by the charging phenomenon is less evident.

Fig. 7 shows that for 100 ppm formic acid vapour contam-
ination the displacement originated by charging phenomenon
decreases compared with Fig. 6. Comparison between Figs. 6
and 7 shows that the main characteristic is the narrow peak
defined at 932.3 eV BE, Fig. 7c. Due to its location, limited
height and oxygen signal characteristics, this peak can be at-
tributed to cuprite from the uncharged phase. The wide peak
located at � 935 eV can be attributed, as in Fig. 6, to copper
formate and copper hydroxide. The Cu LMM Auger (Fig. 7d)
signal has a maximum at � 337 eV, which may be attributed
to cuprite from the uncharged phase.

Fig. 8 shows an important effect of charging phenomenon
on peak splitting. The signals in Fig. 8a at 287.5 and� 291 eV
are assigned to C-C, from hydrocarbon contamination, and the
ester group, respectively, from the charged phase. The peak

located at 284.6 eV may be attributed to hydrocarbon contam-
ination from the uncharged phase. Fig. 8b for O 1s shows the
main peak at 534.5 eV, which is attributed to copper formate
from the charged phase. The widening observed in the low BE
region may be attributed to copper oxides from the charged
phase and copper oxides and hydroxides from the uncharged
phase. In the Cu 2p3/2 spectrum (Fig. 8c) the signal at
� 937 eV and the satellites at � 945 eV may be attributed
to copper formate from the charged phase.

In summary, copper exposed to 10, 100 and 300 ppm formic
acid vapours at 40% RH is constituted by a thin layer of cu-
prite which is not charged by the action of X-rays. On some
local zones voluminous corrosion products, principally cop-
per hydroxide and copper formate, are formed. These com-
pounds are charged by the action of X-rays, which cause a
splitting of the peaks in the XPS spectra. As the formic
acid vapour contamination level increases the amount of cop-
per formate also increases.

3.2 Copper results for 80% RH

Fig. 9 shows representative high resolution XPS spectra for
copper specimens exposed to 10 ppm formic acid vapour at
80% RH for 21 days experimentation. Fig. 9a for C 1s shows
2 main peaks at 284.6 eV (from hydrocarbon contamination,
C±C binding) and at 288.3 eV (from the ester group, O�C±O,
of the formate), and 2 minor contributions at 286.1 eV (asso-
ciated to C±O) and at 287.6 eV BE (attributed to C�O).
Fig. 9b for O 1s depicts a main peak at 531.6 eV attributed
to copper formate and copper hydroxide, and 2 shoulders
at 529.9 eV, associated to cuprite, and at � 533 eV BE, attrib-
uted to adsorbed water and C±O binding from hydrocarbon
contamination. Fig. 9c for Cu 2p3/2 presents 3 signals at
932.5 eV (associated to cuprite), at 934.0 eV (attributed to
copper hydroxide) and at 934.3 eV BE (associated to copper
formate), and 2 satellites. Fig. 9d for the Cu LMM Auger
shows a wide peak, the maximum being located at � 337 eV.

Fig. 10 shows typical high resolution XPS spectra for cop-
per specimens exposed to 100 ppm formic acid vapour at 80%
RH for 21 days experimentation. Fig. 10a for C 1s shows a
main peak at 284.6 eV (associated to hydrocarbon contamina-
tion), a secondary peak at 288.3 eV (attributed to copper for-
mate) and 2 small peaks at 286.1 eV (assigned to C±O) and at
287.6 eV (attributed to C � O). Comparison between Figs. 9a
and 10a indicates that for 100 ppm formic acid the amount of
copper formate increased. Fig. 10b for O 1s depicts a main
peak at 531.6 eV (attributed to copper formate and copper hy-
droxide) and 2 shoulders at 529.8 eV (associated to cuprite)
and at � 533 eV BE (attributed to adsorbed water and hydro-
carbon contamination). Fig. 10c for Cu 2p3/2 presents 3 signals
at 932.5 eV (associated to cuprite), at 933.9 eV (attributed to
copper hydroxide) and at 934.3 eV BE (associated to copper
formate) and 2 satellites. Comparing Figs. 9c and 10c it is ob-
served that as the formic acid vapour increases from 10 ppm to
100 ppm, so the copper hydroxide decreases and copper for-
mate increases. Fig. 10d for the Cu LMM Auger shows a wide
peak in the low BE region, the maximum being located at
� 337 eV.

Fig. 11 shows representative high resolution XPS spectra
for copper specimens exposed to 300 ppm formic acid vapour
at 80% RH for 21 days experimentation. Fig. 11a for C 1s
shows 2 main peaks at 284.6 eV, attributed to C±C binding
from contamination and at 288.3 eV, attributed to copper for-
mate, and 2 smaller peaks at 286.1 eV, assigned to C-O and at

Fig. 5. High resolution spectra for standard copper hydroxide
(Cu(OH)2) after 5 min Ar�-ion sputtering. (a) O 1s and (b) Cu
2p3/2

Abb. 5. Spektren mit hoher AufloÈsung, Standard-Kupferhydroxid
(Cu(OH)2) nach 5-minuÈtigem Abtrag mit Argon-Ionen. (a) O 1s und
(b) Cu 2p3/2
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287.6 eV, assigned to C�O. The contribution of the signal at
288.3 eV has increased dramatically, comparing the results for
10 and 100 ppm formic acid (Figs. 9a and 10a). A shoulder at
285.8 eV BE can be observed. Fig. 11b for O 1s depicts a main
peak at 531.6 eV (attributed to copper formate mainly and
copper hydroxide) and 2 shoulders at 529.8 eV (assigned to

cuprite, with a high contribution) and at � 533 eV BE (attrib-
uted to adsorbed water and C±O). Fig. 11c for Cu 2p3/2
presents 3 signals at 932.3 eV (attributed to cuprite, with a
high contribution signal), at 933.9 eV (assigned to copper hy-
droxide, with a low contribution signal) and at 934.3 eV BE
(attributed to a high copper formate contribution) and 2 satel-

Fig. 6. High resolution spectra for copper exposed to 10 ppm for-
mic acid vapour at 40% RH. (a) C 1s, (b) O 1s, (c) Cu 2p3/2 and (d)
Cu LMM Auger

Abb. 6. Spektren mit hoher AufloÈsung, Kupfer nach Einwirkung
von 10 ppm AmeisensaÈuredampf bei einer relativen Luftfeuchtig-
keit von 40%. (a) C 1s, (b) O 1s, (c) Cu 2p3/2 und (d) Cu LMM
Auger

Fig. 7. High resolution spectra for copper exposed to 100 ppm for-
mic acid vapour at 40% RH. (a) C 1s, (b) O 1s, (c) Cu 2p3/2 and (d)
Cu LMM Auger

Abb. 7. Spektren mit hoher AufloÈsung, Kupfer nach Einwirkung
von 100 ppm AmeisensaÈuredampf bei einer relativen Luftfeuchtig-
keit von 40%. (a) C 1s, (b) O 1s, (c) Cu 2p3/2 und (d) Cu LMM
Auger
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lites. Fig. 11d for the Cu LMM Auger shows a peak at low BE.
This wide peak may be originated by overlapping between
cuprite and copper formate emissions.

In general, the results obtained at 80% RH show that the
patina is constituted by cuprite, copper hydroxide and copper
formate. As the formic acid vapour contamination level in-

creases the amount of copper hydroxide decreases and the
amount of cuprite and copper formate increases. This behav-
iour is similar to that of copper specimens at 40% RH. How-
ever, unlike at 80% RH the patina is formed by a uniform cor-
rosion product layer and charging processes were not ob-
served.

Fig. 8. High resolution spectra for copper exposed to 300 ppm for-
mic acid vapour at 40% RH. (a) C 1s, (b) O 1s, (c) Cu 2p3/2 and (d)
Cu LMM Auger

Abb. 8. Spektren mit hoher AufloÈsung, Kupfer nach Einwirkung
von 300 ppm AmeisensaÈuredampf bei einer relativen Luftfeuchtig-
keit von 40%. (a) C 1s, (b) O 1s, (c) Cu 2p3/2 und (d) Cu LMM
Auger

Fig. 9. High resolution spectra for copper exposed to 10 ppm for-
mic acid vapour at 80% RH. (a) C 1s, (b) O 1s, (c) Cu 2p3/2 and (d)
Cu LMM Auger

Abb. 9. Spektren mit hoher AufloÈsung, Kupfer nach Einwirkung
von 10 ppm AmeisensaÈuredampf bei einer relativen Luftfeuchtig-
keit von 80%. (a) C 1s, (b) O 1s, (c) Cu 2p3/2 und (d) Cu LMM
Auger
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Fig. 12 summarises some typical results of percentage of
patina components against formic acid vapour contamination
for component bands of the deconvoluted high resolution XPS
spectrum for Cu 2p3/2 with copper specimens at 80% RH. It
should be noted that charging processes impede percentage

calculation for the XPS spectra obtained at 40% RH. In gen-
eral, cuprite increases and copper hydroxide decreases with
the increase in formic acid vapour contamination from 10
to 300 ppm, while copper formate stays in the 43 ±49% range
for the formic acid pollution levels tested.

Fig. 10. High resolution spectra for copper exposed to 100 ppm
formic acid vapour at 80% RH. (a) C 1s, (b) O 1s, (c) Cu 2 p3/2
and (d) Cu LMM Auger

Abb. 10. Spektren mit hoher AufloÈsung, Kupfer nach Einwirkung
von 100 ppm AmeisensaÈuredampf bei einer relativen Luftfeuchtig-
keit von 80%. (a) C 1s, (b) O 1s, (c) Cu 2p3/2 und (d) Cu LMM
Auger

Fig. 11. High resolution spectra for copper exposed to 300 ppm
formic acid vapour at 80% RH. (a) C 1s, (b) O 1s, (c) Cu 2 p3/2
and (d) Cu LMM Auger

Abb. 11. Spektren mit hoher AufloÈsung, Kupfer nach Einwirkung
von 300 ppm AmeisensaÈuredampf bei einer relativen Luftfeuchtig-
keit von 80%. (a) C 1s, (b) O 1s, (c) Cu 2p3/2 und (d) Cu LMM
Auger
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Copper vapour corrosion products originated at 40% and
80% RH are coherent with the following chemical model
for copper formate formation [9]. When copper is exposed
to 40% and 80% RH, adsorbed water vapour causes a corro-
sion process that starts at local surface defects, and this pro-
cess may be catalysed by formic acid. The first reaction taking
place is

4 Cu� O2 � 4 H� ! 4 Cu� � 2 H2O �6�
and as the first solid corrosion product is copper hydroxide
hydrate (Cu(OH)2 � H2O), accordingly, the Cu� must be oxi-
dised

4 Cu� � O2 � 4 H� ! 4 Cu2� � 2 H2O �7�
The cathodic reaction

O2 � 2 H2O� 4 eÿ ! 4 OHÿ �8�
produces hydroxyl ions, which can migrate towards the anode
to form copper hydroxide. The formation of copper hydroxide
can take place after or during the dry-out of the adsorbed small
droplets of formic vapour formed on the copper surface.

The presence of hydroxide or hydrated oxide on the initially
exposed copper surface provides a building block for the for-
mation of copper formate [9]. The formation of copper for-
mate may be as follows

(i) On local surface zones from Cu(OH)2 � H2O

Cu�OH�2 � H2O� 2 HCOOH ! Cu�HCOO�2 � 3 H2O

�9�

However, at a low formic acid concentration, the formation
of copper hydroxiformates, as intermediate reaction products,
may be considered according to the reaction

Cu�OH�2 � H2O� HCOOH ! Cu�OH��HCOO� � 2 H2O

�10�
(ii) Copper formate spreads across the copper surface from

cuprous ions. A complex is formed between formic acid and
cuprous ions [4, 7, 9], Equation (6)

Cu� � HCOOH ! Cu�HCOO� � H� �11�
Cuprous formate is then oxidised to cupric formate

4 Cu�HCOO� �1=2 O2 ! Cu2O� 2 Cu�HCOO�2 �12�

According to Equation (12) both cuprite and cupric formate
are formed. Cuprite can also be formed by the following re-
action

2 Cu� 2 OHÿ ! Cu2O� H2O� 2 eÿ �13�
Hydroxyl ions are originated in the cathodic reaction, Equa-

tion (8).

4 Conclusions

At low formic acid vapour concentration (10 ppm), the
components of the patina are mainly cuprite (Cu2O) and cop-
per hydroxide (Cu(OH)2); copper formate (Cu(HCOO)2) is
present as a small signal. Copper hydroxide is formed after
or during the dry-out of the adsorbed film of water or con-
densed droplets of formic vapour acid on the copper surface.
The patina is initially developed in an non-uniform manner. At
high formic acid vapour concentrations (100 and 300 ppm)
cuprite and copper hydroxide decrease and the copper formate
signal is more evident on local surface areas from droplets of
formic vapour acid adsorbed on the copper surface.

For both relative humidities studied, 40% and 80%, as the
formic acid vapour contamination level increases the amount
of copper hydroxide decreases and the amount of cuprite and
copper formate increases. However, unlike at 80% RH the pa-
tina is formed by a uniform corrosion product layer and char-
ging processes are not observed.
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