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Abstract

Key words

Samples of electrolytic tin and nickel have been exposed for 1 to 12 m in indoor environ-
ment, inside a box (rain sheltered cabinet), placed in tropical humid marine-urban climate,
as a part of Gulf of Mexico. The corrosion aggressiveness of box has been classified as a very
high corrosive, based on the monitored chlorides and SO, deposition rates, and the
Temperature/Relative Humidity air daily complex. The annual mass increasing of nickel is
approximately twice higher than its values of mass loss (C). The relation between nickel
mass loss or increasing and time of wetness (#) of metal surface is linear and does not obey
the power equation C = A ¢, which has be found for tin. The SEM images reveal a localized
corrosion on nickel and tin surfaces. XRD detects the formation of SnCl,.H,O as a corro-
sion product. Within the time on the tin surface appear black spots, considered as organic
material.

Indoor atmospheric corrosion. Tin. Nickel. Tropical marine climate.

Etapas iniciales de corrosion atmosférica indoor de metales electréonicos
de contacto en clima tropical humedo: estafio y niquel

Resumen

Palabras clave

Muestras de estano y niquel electroliticos han sido expuestas de 1 a 12 m en ambiente in-
terno (indoor), en una caseta (gabinete protegido de lluvia), colocada en clima tropical ha-
medo marino-urbano del Golfo de México. La agresividad de la caseta ha sido clasificada co-
mo muy altamente corrosiva, basada al registro de la velocidad de deposicion de cloruros
y SO,, y en el complejo diario de temperatura/humedad relativa del aire. El incremento de
masa anual de niquel es, aproximadamente, dos veces mayor que del valor de su pérdida
de masa (Q). La relacion entre la pérdida de masa de Ni o su incremento, y el tiempo de hu-
mectacion (#) de la superficie metalica y lineal y no obedece la ley de potencia C=A4 1", que
ha sido encontrada para el estano. Las imagenes del SEM revelan una corrosion localizada
en las superficie de niquel y estano. El andlisis de rayos-X detecta la formacién de SnCl,.H,O
como producto de corrosion. Con el tiempo, sobre la superficie de estano aparecen puntos
negros, considerados como materia organica.

Corrosion atmosférica Indoor. Estano. Niquel. Clima tropical marino.
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1. INTRODUCTION

Corrosion in the electronics industry has become a
significant factor in recent years because of the extre-
mely complex system that have been developed and
the increasing demand on their reliability!°!. It is no-
ted that further advances in electronics can only be
made where its reliability and corrosion failure are
maintained. However, testing for corrosion behavior is
still difficult and costly. Electronic materials include a
range of metals and alloys, depending on the specific
system, equipment and components. Many metals are
used and tin (or tin alloys), and nickel (Au/Ni/Cu) are
part of any electronic system. It is reported that the
failure processes in the electronic industry, because
of corrosion, prevail when circuits boards are expo-
sed to relatively high humidity (>60 %) and ionic con-
tamination, as it is common in many urban, suburban,
coastal and industrial environments. By nature of thin
film and closely-spaced metallic sections in small di-
mensions in electronic circuits, electronic components
are prone to corrosion failures of a device for a short
period (less than one year), generated by localized
corrosion currents (1072~ 1074 A) in the presence of
trace of moisture and contamination. With submicron
dimensions of conductors, only nanograms of metal
need to corrode and to cause total failure of an elec-
tronic devicel,

Tin (Sn) is widely used in the electronic industry for
carious purposes such as in tin-lead alloys as solde-
ring materials and in coating on structural materials
as connectors’1%, For these proposes they are requi-
red to be with a high corrosion resistance and protec-
tion, providing a low degree of contact impedance.
The solder corrosion on Sn-Pb alloys is one of the re-
liability problem confronted in electronic equipments.
Pure tin forms a protective oxide (most likely SnO)
film, but lead forms an oxide that is not stable and
can easily react with chlorides, borates, and sulfates.
Led-free solders have been developed recently to pre-
vent pollution of the environment with lead, and they
are now being used in practice.

To obtain a fundamental understanding on the co-
rrosion behavior of tin in corrosive gas environment,
in situ infrared reflection (IR) absorption spectroscopy
measurements have been carried out on tin in humid
air (RH of 90 %) containing SO, (10-22 ppm) 7. The
results suggest that the oxide films on tin (SnO, and/or
SnO) have a protective effect and that no significant
corrosion occurred. In humid air (RH of 80-90 %) con-
taining 10-22 ppm NO,, the chemical species produ-
ced on the tin surface are assigned to SnO and/or
SnO,, nitrate and hyponitrite. Synergistic effect of SO,
and NO, on corrosion of tin has not been observed
in humid air (RH of 90 %), containing 0.84 ppm SO,

and 1.8 ppm NO,. In acidic water layer, the tin oxi-
des dissolvel® as follows and bare surface of tin ap-
pears:

SO, + 4H* — Sn*4 + H,0 (D

SnO + 2H* — Sn*? + H,0 @)

Tin oxides SnO and SnO, give very similar binding
energies of Sn, .. , (486.6; 486.4, respectively and 484.5
for tin) and for this reason it is not possible to distin-
guish them, even using additionally XPS analysis. IR
spectra suggest that SnO, is the main corrosion product.

Nickel (Ni) has found application in the electro-
nics industries as a coating in multilayer systems
(Cu/Ni/Cr or Cu/Ni). It is a relatively resistant to corro-
sion, because of the oxide passive layer formed in at-
mospheric conditions. With increasing interest in co-
rrosion effects of electronics, a few studies on the at-
mospheric corrosion of nickel have been performed,
exposing the metal in indoor environment and analy-
zing the corrosion products with different techniques:
XPS, X-ray diffraction, DRIFT (diffuse reflectance infra-
red diffraction), Auger spectroscopy and elemental
analysis©¥ 1017 It is known that the corrosion of nic-
kel is mostly related to the SO, concentration in the
outdoor ambient air or its deposition velocity. When
nickel is exposed to moist air, containing sulphur dio-
xide, it is covered with a wet layer of nickel sulphate,
because this metal catalyses the oxidation of SO, to
sulphur trioxide (SO;). The atmospheric corrosion of
nickel in sheltered conditions has been studied in dif-
ferent sites in Europe and North America (USA and
Canada), reported by the UN/ECE international pro-
gram on effects on materials''®¥ 7. Physical and che-
mical information on nickel corrosion layer formation,
evolution, morphology, composition is presented in!!%.
The corrosion rate of nickel is a function of the ex-
posure time and of the average concentration of sul-
fur dioxide:

R=2.41[SO,] (3)

where, R is the corrosion rate of nickel in sheltered
conditions, expressed as mass loss (ug/cm?), ¢ is the ti-
me in years, and [SO,] is the average outdoor concen-
tration (ug/m3). Thus, in relatively unpolluted envi-
ronment the rate of nickel corrosion can be quite low.
It is the presence of the sulfur (S™V), and not of oxidi-
zer, that appears to be the limiting constraint. The co-
rrosion of nickel may be manifested either uniformly
or as pitting, but this metal is generally corrosion-resis-
tant in mild environments!*®.

Electronics are exposed to a wide range of out-
door or indoor atmospheric exposure and their corro-
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sion behavior is determined by the aggressivity of
the actual environment. Electronics components are
mostly indoor or sheltered from direct exposure to
liquid splash, spray, rain, tinow, etc. The atmosphe-
ric corrosion, as an electrochemical process under
the influence of thin-film electrolytes, is primarily
responsible for corrosion damage in electronics and
can lead to premature failures even in indoor atmos-
pheres. Due to this fact, there is a growing interest in
indoor environments and their specifics characteri-
zation, mainly because of the corrosion effects on
electronic materials and detected failures during the
last two decades. The corrosivity of indoor air can
be monitored in its most simple form by placing small
coupons of lead, silver, copper, etc. in the environ-
ment in questions. And for this reason have been or-
ganized around the world Indoor Air Pollutant
Working Groups, to develop a general understan-
ding of indoor air aggressivity.

In order to classify the aggressivity of different
indoor environments have been proposed several
systems!!8-29 An extensive field indoor exposure
program on electric contact materials (nickel, tin,
copper, silver and Eurocard connectors), placed in
aluminum ventilated boxes, has been started in the
UN ECE in 1987 (39 exposure sites) in 12 European
countries and in the USA, and Canada. The evalua-
tion of the corrosion attack on these metals after 8
years of exposure, based on weight increase mea-
surements and mass loss determination, has been
reported0 17y 201

In attempting to minimize the risk of corrosion fai-
lures it is important to understand the corrosion pro-
cess of the metals used in electronics, exposed to in-
door environments, as a part of different climates with
distinct corrosive aggressiveness. Tropical humid en-
vironments present characteristics, which have effects
on the performance of electro-electronic products and
they are not yet satisfactorily characterized. In 2002
was started the project TROPICORR (Effects of Tropical
Environments on Electro-Electronic Products) as
Subprogram XV.2 of the Program of Science and
Technology for Development. In different countries,
with the participation of research groups was started
the atmospheric exposure of several metals (tin, nickel,
silver, copper), used in the electro-electronic indus-
tries, in indoor environments.

The aim of the present work was to study as ac-
curately as possible the initial stages of atmospheric
indoor corrosion of pure tin and nickel samples after
their exposure for 1 to 12 m in rain sheltered position
inside box (cabinet), placed in tropical humid urban-
marine climate, part of Southeast of Mexico (Gulf of
Mexico).
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2. EXPERIMENTAL
2.1. Test site location

The test was carried out in urban-marine atmos-
phere of Campeche city (19°51°N, 90°32" W), at 300m
away from the coast, located in southeast of Mexico,
in the Caribbean area (Gulf of Mexico). Its tropical
humid climate exhibits very marked dry and rainy se-
asons. The combination of high temperatures (T) and
high annual time of wetness (TOW), due to the high
constant daily and monthly relative humidity (RH) va-
lues, makes possible an accelerated electrochemical
corrosion process in the presence of hygroscopic sur-
face pollutants, such as chloride in the coastal region.
In our previously study we have reported an analysis
of the principal characteristics of that climate!?!.

2.2. Samples in test

Electrolytic (99, 99 %) rectangular samples of tin (3.5 x 1
x 0.1 cm), nickel (3.5 x 1 x 0.1 cm) and low carbon
steel (3.5 x 1 x 0.1 cm) were prepared for exposure.
Samples of low carbon steel were exposed in order to
estimate the category of aggressiveness of the indoor
environment, using the categories proposed by ISO
1184-11%2, The specimens before weighing (on a mi-
crobalance with the accuracy of + 0.1 ug) were prepa-
red following the procedures of 1SO 11844-22% and
stored in plastic bags inside, placed in a desiccator.

2.3. Exposure and environmental
characterization

The metallic samples were exposed to the indoor en-
vironment inside the box (cabinet) for different pe-
riods of time (1, 3, 6, 9 and 12 m), in vertical position.
The box (a rectangular cabinet of 66 x 32 x 71 ¢cm)
was constructed using galvanized sheet, painted with
a white corrosion resistive paint. Two windows of
22 x 26 cm were positioned at the longitudinal ends of
the cabinet, at 20 cm from the bottom, in order to le-
ave the entrance end exit of the wind and contami-
nants. The windows were protected by stainless steel
mesh. The box was positioned following the north-
west direction, at the top of a building 10 m high,
where the wind passed through freely.

The temperature (T) and relative humidity (RH)
values were registered during the whole exposure pe-
riod, comparing the outdoor and indoor T/RH com-
plexes of both environments. The analysis of these
T/RH complexes has been used for time of wetness
(TOW) estimation, as a real time for the corrosion pro-
cess, according to ISO 9223 123, Because of salinity of
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Figure 1. Annual indoor (cabinet) TOW distribution (%) in
different relative humidity intervals during the test of metal
samples exposed to tropical urban-marine humid climate
(Gulf of Mexico).

Figura 1. Distribucion (%) del TOW anual en el ambiente in-
door (gabinete) en diferentes intervalos de humedad relativa,
durante el ensayo de muestras de metales expuestas al cli-
ma tropical humedo urbano-marino (Golfo de México).

the marine atmosphere, the TOW was calculated as
the time when the RH = 70% (at T < 25 °C). The cal-
culated annual TOW for the samples exposed in the
indoor (cabinet) was 5622 h (the highest T category of
corrosion aggressiveness, according to 1SO 922323,
which is 64% of the annual time of exposure. For out-
door environment the TOW was lower, 3250 h (t, ca-
tegory) or 37% of the annual time. The annual indoor
TOW (5622 h) distribution in different relative humi-
dity (RH) intervals is shown in figure 1. As can be se-
en, 31% of the TOW occurs in RH interval of 90-95%,
followed by RH interval of 95-100% when the due
point is reached and the condensation film is thicker.
Only 15% of the TOW occurs in lower intervals of 70-
80% RH values.

The outdoor TOW distribution is a very different
from the indoor TOW distribution, and their compari-
son (Fig. 1) reveals some specifics of the indoor envi-
ronment, created in the tested cabinet. For example,
78% of TOW in outdoor marine environment is done
in the lowest RH interval of 70-85%, while in indoor
(cabinet) this percentage is very low (22%). Besides, in
outdoor there is not TOW registered in the RH inter-
val of 90-100%. This fact and the longer TOW for in-
door (cabinet) samples determine a high corrosion ra-
tes for the metal samples exposed in the cabinet.
Statistical analysis of the temperature-humidity com-
plex and time of wetness of a tropical climate in
Mexico has been reported beforel?!,

Analyzing the T/RH — TOW complex, the result
show that the biggest part (90%) of annual indoor (ca-

10°C-15°C
1% q50c_20°C
9%
20°C-25°C
90%

Figure 2. Annual indoor (cabinet) time of wetness (TOW)
distribution in temperature ranges during the test of metal
samples exposed to tropical urban-marine humid climate
(Gulf of Mexico).

Figura 2. Distribucion (%) del TOW anual en el ambiente in-
door (gabinete) en diferentes intervalos de temperatura, du-
rante el ensayo de muestras de metales expuestas al clima
tropical humedo urbano-marino (Golfo de México).

binet) TOW occurs in the temperature range of 20 °C
- 25 °C (Fig. 2). Sometimes, during the rainy season
(April - June, September - October) the TOW is done
in the lower range of 20 °C - 25 °C. The annual TOW
of the outdoor environment mainly (90%) occurs in a
temperature range of 20 °C - 25 °C and 10 % in 15 °C
- 20 °C. This fact indicates that the corrosion process
for the studied metals is determined by similar tem-
perature ranges in both environments (indoor and
outdoor). However, the TOW (the real corrosion ti-
me) is higher for samples exposed in indoor (cabinet)
conditions and it presents some specifics, described
above (Fig. 1), when is compared to outdoor TOW.
Table I presents the recorded maximum and minimum
temperatures in both environments (outdoor and in-
door) during the annual period of this experiment.

In both environments was monitored continuously
the concentration (deposition rate) of SO, and air-
born salinity (chlorides), as main contaminants (Ta-
ble 1D, measured with sulfation plate and wet candle
samples, respectively, according to ISO 922524 As
can be seen, the indoor (cabinet) environment main-
tains lower concentration (deposition rate) of salinity
(CI ions) and SO, content, compared to the exterior
environment ones, however the corresponding pollu-
tion categories for both atmospheres (outdoor and in-
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Table I. Maximum and minimum values of temperature during the annual period of experiment

Tabla I. Valores maximos y minimos de la temperatura durante el periodo anual del ensayo

TEMPERATURE (°C)

Indoor (cabinet) Outdoor
Period Min Max Most frequent Min Max Most frequent
Apr —May'03 15.6 42.0 25 203 40 26
May — Jun'03 22.1 41.5 25 22.9 37.7 30
Jun —Jul'03 22.5 41.5 25 21.9 37.8 24
Jul = Aug’03 22.5 41.0 24 22.3 35.5 24
Aug — Sep’03 22.5 40.1 25 22.3 349 24
Sep — Oct'03 229 40.1 24 22.9 34.9 24
Oct — Nov'03 20.6 36.6 24 20.8 32.8 24
Nov — Dec’03 14.8 353 24 15.2 32.6 23
Dec - Jan'04 11.8 35.3 22 12.8 31.9 22
Jan — Feb’04 16.8 36.6 22 16.7 33.4 23
Feb — Mar'04 1.4 38.3 24 14.3 36.1 24
Mar — Apr'04 19.8 40.1 25 20.2 36.9 26

Table II. Deposition rate of SO2 and chloride during the annual period of test

Tabla Il. Velocidad de deposicion de SO2 y cloruros durante el periodo anual del ensayo

SO, (mg/m?2. day)

Cl- (mg/m?Z. day)

Month Exposure period

Indoor Outdoor Indoor Outdoor

1 Apr-May ‘03 10.75 (P,) (IV) — 7.87(S,) —

2 May-Jun ‘03 10.84 (P,) (IV) — 10.02 (S,) —

3 Jun-Jul ‘03 11.60 (P,) (IV) — 13.42(S,) —

4 Jul-Aug ‘03 10.93 (P)) (IV) — 4.23(S,) —

5 Aug-Sep ‘03 16.76 (P,) (IV) — 9.60 (S,) —

6 Sep-Oct ‘03 6.34 (PO) (1) — 9.96 (S1) —
7 Oct-Nov ‘03 4.60 (PO) (I 6.54 (PO) 4.86 (S,) 17.10(S,)
8 Nov-Dec ‘03 2.85 (P,) (Il 5.09 (P,) 11.80 (S,) 17.14(S,)
9 Dec-Jan ‘04 2.74 (P, (I 3.72 (P, 15.05(S,) 21.72(S,)
10 Jan-Feb ‘04 0.58 (P () 1.57 (Py) 19.32(S,) 24.93 (S,)
11 Feb-Mar ‘04 0.69 (PO) () 1.69 (PO) 13.32 (51) 34.87 (51)
12 Mar-Apr '04 1.83 (PO) (I 3.32 (PO) 30.17 (S1) 36.26 (51)

Note: 10 mg/mZ2.day is ? 12 ?g/m3. In parenthesis are given the pollution categories for sulfur compounds, based on sulfur dioxide levels
(P) and pollution category based on airborne salinity contamination (S), according to ISO 9223:92 for outdoor (exterior) atmospheres and
their significance for standard metals [23]. The lowest categories Py and S, are considered to be the background concentration and in-
significant from the point of view of corrosive attack. In the second parenthesis is the level for SO, gaseous pollutant for the indoor (ca-

binet) environment, according to [22].

door) are equal (S, and P), according to ISO 9223 123,
However, from indoor corrosion point of view!??, the
level of SO, pollutant is reaching very high levels,
changing with seasons significantly from the highest
level IV (during the period April -August) to the lo-
west one (level D during the dry season (January —
March). This fact reveals that the indoor metal corro-
sion should be well accelerated.
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2.4. Determination of corrosion attacks

In the end of each exposure period (1, 3, 6, 9 and
12 m), samples of each metal where withdrawn. For
evaluation of the corrosion effect on the metals, mass
increase (MDD and mass loss (ML) measurements were
performed. Both methods have a precision of about
+10 mg/m? with the method described in'??. For mass
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Table Ill. Annual corrosion rate measurements by mass loss (r

COH)

determination and mass increase (r,;) of specimens exposed

to indoor tropical urban-marine environment (Gulf of Mexico)

Tabla lll. Velocidad anual de corrosion basada en la determinacion de pérdida de masa (r_,,) e incremento de masa (r,,,)
de muestras expuestas en “indoor’ clima tropical hGmedo urbano-marino (Golfo de México)

Annual corrosion rate of mass increase

Annual corrosion rate of mass loss

Metal r.; (g/m2.a) Corrosivity category I'or (9/M2.2) Corrosivity category
Sn 3.23 — 5.43 —
Ni 1.88 — 0.89 —
Fe 58.01 IC5 94.66 IC5
(=12 ym/a) (C5; >Cb)

Note: According to [22] IC5 represents “very high indoor corrosivity” of the atmosphere. In parenthesis is given the equivalent corrosi-
vity category (C) for the outdoor (exterior) atmosphere [23], based on annual corrosion rate of standard low carbon steel samples, that
have been exposed and study in this work and also in several test station located in the Caribbean area (Gulf of Mexico) [25].

increasing determination, before weighting, the expo-
sed samples were blown by a jet stream of gas in or-
der to remove dust and other loose particles. The final
weigth of the specimens was measured using a mi-
cro-balance with an accuracy of £ 1 x 107 g. Follo-
wing the mass increase determination, the metallic
specimens of tin, nickel and iron were subjected to
chemical pickling in specific solutions, to remove the
corrosion products from the surfacel??, degreased with
ethanol in a ultrasonic bath for 5 min and weighted
using the micro-balance. All results present in this
study are average of triplicate samples.

2.5. SEM and XRD analysis

The phase composition of the corrosion products was
determined on a Siemens D5000 diffractometer with
CuKa, monochromatic radiation. Two different geo-
metry X-ray diffraction, scanning electron microscopy
and EDAX (XL ESEM Phillips) were used to analyze
the phase composition of the corrosion products, their
morphology and corrosion attack within the time of
exposure.

3. RESULTS AND DISCUSSION

The detailed analysis of the indoor (cabinet) environ-
ment is described in the experimental part of this work,
which permits to understand the atmospheric corrosion
of the studied metals. Table IIT 5 shows the average
of annual corrosion rates (7) of mass increase (MID)
and mass loss (ML) for the metal samples tin, nickel
and iron samples, used for a classification of corrosi-
vity of the indoor (cabinet) and outdoor environments.
As can be seen, the created indoor environment in
the cabinet represents very high corrosivity: the highest
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category of corrosiveness —IC 5?2 The mass loss an-
nual rate of the tin and iron samples is higher than
their mass increase rate, except for nickel samples.
The experimental results show that the annual corro-
sion rate of nickel (Table III) based on mass loss
(0.89 g/m?.a) is approximately half of the correspon-
ding weight increase value (1.88 g/m?.a). Probably
this is due to the fact that the mass increase determi-
nation is limited by the difficulty to distinguish corro-
sion effects from other surface related phenomena,
such as sorption or contamination (deposition of dust
and other particles)?”. The same effect and differen-
ce has been reported between both mass parameters
after 8 years of exposure of nickel samples in indoor
environments (inside a box)!"'. Tt is considered that
this fact could be explain by the presence of crystalli-
ne water in the corrosion products and other weight
increase sources, such as particles and dirt, and also
other corrosion product not detectable by XPS and
X-ray diffraction. As can be seen (Table ID), during
the annual of test the concentration of sulfur com-
pounds (SO,) in the indoor environment is changing
from the highest (Ievel IV) to the lowest one (level D),
that provide different acceleration in the corrosion ra-
te of nickel samples during the annual period of test.

3.1. Specifics of tin (Sn) indoor corrosion

It has been reported that tin weight increase in indo-
or environments (inside a box) doetin’t correlate to
the measured gaseous pollutants''”!. Its corrosion pro-
ducts consist of oxides with different stoichiometry.
The only parameter that correlates with tin is the chlo-
ride concentration in precipitation on its surface. In
our study was detected by XRD analysis (grazing inci-
dence) a very low content of SnCl,.2H,O since the
first month of exposure of samples in the tropical ma-
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Figure 3. SEM photograph showing the localized pitting co-
rrosion, breakdown of the tin oxide passive film in presence
of Cl-ions, after 3 m of exposure of tin samples to urban-
marine humid tropical climate in indoor (cabinet) conditions.

Figura 3. SEM imagen mostrando la corrosion localizada por
picaduras, el rompimiento de la capa de oxido de estafio en
la presencia de iones de CI, después de 3 m de exposicion
de muestras de Tin en clima tropical humedo urbano-marino
en condiciones de “indoor” (armario).

AccY Magn WD F———— 20um
25.0 kV 800x 10.1 CINVESTAV Mérida Sn6
e ¥ -

Figure 4. SEM photograph showing the appearance of black
spots after 6 m of exposure of tin samples to urban-marine
humid tropical climate in indoor (cabinet) conditions.

Figura 4. SEM imagen mostrando la aparicién de puntos ne-
gros después de 6 m de exposicion de muestras de estano
en clima tropical humedo urbano-marino en condiciones “in-
door” (armario).

rine indoor atmosphere. This fact is an indication for
the CI” ion effect on tin corrosion and the role of chlo-
ride for the breakdown of the passive tin oxide film,
which promotes much localized corrosion on the tin
surface (Fig. 3).

It has been reported that in polluted humid air,
containing SO,, the corrosion products formed on tin
are oxides (SnO, and/or SnO) " In our study
SEM/EDAX elemental analysis confirms the presence
of the oxygen, as a mainly part of the tin oxide passi-
ve film, chloride and Si, as a dust deposited on the
tin surface, originated from the sand coast area. During
the time of exposure were detected by SEM black
spots with different sizes (Fig. 4) and using a low po-
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Figure 5. SEM photograph showing the morphology of typi-
cal organic material (black spots) formed after 6 m of expo-
sure of tin samples to urban-marine humid tropical climate
in indoor (cabinet) conditions.

Figura 5. SEM imagen mostrando la morfologia tipica de ma-
terial organico (puntos negros), formados después de 6 m
de exposicion de muestras de Tin en clima tropical himedo
urbano-marino en condiciones “indoor” (armario).

wD —— 100 Hm
10.0 CINVESTAV Mérida Sn12

Figure 6. SEM photograph showing the extension of black
spots formed after 12 m of exposure of tin samples to ur-
ban-marine humid tropical climate in indoor (cabinet) con-
ditions.

Figura 6. SEM imagen mostrando la extension de puntos ne-
gros formados en muestras de Tin despues de 12 m de expo-
sicién en clima tropical himedo urbano-marino en condicio-
nes “indoor” (armario).

wer of SEM (2 kV or 5 kV), the black spots present a
morphology of typical organic material (Fig. 5).

With the exposure time, the black pots cover mo-
re area on the tin surface (Fig. 6) and the pitting corro-
sion (a breakdown of the passive oxide film) follows
its development: new pitting appears, extending its
area with the time and going deeper into the tin sur-
face (Fig. 7).

The mass loss and mass increase values of the tin
samples are presented in Table III. It can be seen that
the mass loss is higher than its corresponding values of
mass increase. An analysis has been undertaken in
which the extent of corrosion C, expressed by the mass
loss of the metal in indoor box, has been related to
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AccVY Magn WD F——— 1opm
26.0 kV 2000x  10.0 CINVESTAV Mérida Sn12

Figure 7. SEM photograph showing the pitting corrosion de-
velopment on the tin surface after 12 m of exposure to urban-
marine humid tropical climate in indoor (cabinet) conditions.

Figura 7. SEM imagen mostrando la corrosion por picaduras
desarrollada en la superficie de estano después de 12 m de ex-
posicién en clima tropical humedo urbano-marino en condi-
ciones “indoor” (armario).
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Figure 8. Mass loss vs fraction of annual time of wetness
(TOW), as real corrosion time, for tin samples exposed to ur-
ban-marine humid tropical climate in indoor (cabinet) con-
ditions.

Figura 8. Pérdida de masa vs la fraccion del tiempo de expo-
sicion (TOW) anual, como tiempo real de corrosion, de mues-
tras de Tin expuestas en clima tropical humedo urbano-ma-
rino en condiciones “indoor” (armario).

the time of wetness ¢ corresponding to each exposure
period (Fig. 8). The analysis shows that the relation
between A and ¢ during the annual exposure can be
described by the power equation C = 4 ¢, where A is
the annual weight loss corresponding to annual TOW,
and 7 is the exponent giving indication of the type of
kinetics. It can be seen that the fitting of the logarith-
mic description of corrosion rates (mass loss or mass in-
crease per area) versus the real exposure time - TOW
(D) is a relatively straight line. (This line could be re-
ally straight if for the calculus of mass loss is taken
only corroded (pitted) sample area and not the geo-
metrical sample area. The SEM images presented abo-
ve (Figs. 3-6) show that corrosion is not uniformly on
tin). Similar equation has been reported!'?y 17,

cli

Ni
Al Si S Ca Fo

0.90 1.80 2.70 3.60 4.50 5.40 6.30 7.20 8.10 9.00

Figure 9. Elemental analysis (SEM/EDAX) of the nickel sur-
face after 12 m exposure to urban-marine tropical climate in
indoor (cabinet) conditions.

Figura 9. Anélisis elemental (SEM/EDAX) de la superficie de ni-
quel después de 12 m de exposicion en clima tropical hume-
do urbano-marino en condiciones indoor (armario).

Magn wD /1 2
v 100x 9.6 CINVESTAV Méric

Magn wD 1 2o0um
vV 800x 9.6 CINVESTAV Mérida Ni3

Figure 10. SEM photograph showing the localized pitting
corrosion, breakdown of the NiO passive film in presence of
Cl-ions, after 3 m of exposure of nickel samples to urban-
marine humid tropical climate in indoor (cabinet) conditions.

Figura 10. SEM imagen mostrando la corrosion localizada
por picaduras, el rompimiento de la pelicula pasiva de NiO
en la presencia de iones de CI, después de 3 m de exposi-
cion de muestra de Ni en clima tropical humedo urbano-ma-
rino en condiciones “indoor” (armario).

3.2. Specifics of nickel (Ni) indoor
corrosion

On the nickel surface was detected by elemental analy-
sis (SEM/EDAX) only a very thin layer of NiO as a co-
rrosion product (Fig. 10) and as a principal contami-
nant of the marine environment - the chloride. Several
other elements (Si, Ca) are present on the metal surfa-
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Figure 11. SEM photograph showing the localized pitting
corrosion, breakdown of the NiO passive film in presence of
Clions, after 12 m of exposure of nickel samples to urban-
marine humid tropical climate in indoor (cabinet) conditions.

Figura 11. SEM imagen mostrando la corrosion localizada
por picaduras, el rompimiento de la pelicula pasiva de NiO
en la presencia de iones de CI, después de 12 m de exposi-
cion de muestra de Ni en clima tropical humedo urbano-ma-
rino en condiciones indoor (armario).

ce, as a dust, originated from the sand coast area. The
peak of S is also detected by SEM/EDAX, however ano-
ther corrosion product was not detected by X-ray diffrac-
tion (grazing incidence), even after one year exposu-
re of nickel samples in indoor marine environment.

It has been reported that the initial corrosion beha-
vior of nickel exposed under sheltered conditions in a
rural atmosphere, investigated for short-term period
(from 1 day to 4 m and up to 1.5 years) and follows se-
veral steps2%. Within hours of exposure, a thin layer of
NiO/Ni(OH), could be detected by XPS. Nickel sulfa-
te is observed within days of exposure, by repeated
dry/wet evaporation cycles and by increased levels of
sulfate-containing atmospheric constituents. After 1
year of exposure, NiSO,.6H,0 could be detected by X-
ray diffraction with grazing incidence. SEM/EDAX re-
vel evidence that this corrosion product forms den-
dritic structure, which grows laterally on top on
NiO/Ni(OH), covered surface.

In our study the SEM images reveal that there is a lo-
calized corrosion (pitting formation) due to the presen-
ce of CI"ions, which promote a breakdown of the nic-
kel oxide passive film (Fig. 10). The pitting corrosion
starts since the first month of exposure and it is exten-
ding with the time. The extended pitting corrosion attack
on the nickel surface after 12 month of exposure in in-
door marine environment is shown in Fig. 11.
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Figure 12. Mass loss vs fraction of annual time of wetness
(TOW), as real corrosion time for nickel samples, exposed to
urban-marine humid tropical climate in indoor (cabinet) con-
ditions for different periods (1, 3, 6 and 12 m).

Figura 12. Pérdida de masa vs la fraccion del tiempo de expo-
sicion (TOW) anual, como tiempo real de corrosion, de mues-
tras de Ni expuestas en clima tropical humedo urbano-ma-
rino en condiciones indoor (armario).

The weight loss and mass increase values of the
nickel samples are presented in Table III. It can be
seen that the mass loss values of the nickel samples are
twice lower than corresponding mass increase ones.
The kinetics of nickel mass loss has been related to
the time of wetness ¢ corresponding to each exposu-
re period to urban-marine humid tropical climate in
indoor (cabinet) atmosphere (Fig. 12).

As can be seen, the logarithmic description of the
corrosion rates (mass loss or mass increase) to the re-
al exposure time (TOW) () is not a straight line, as
this was observed for the tin samples (Fig. 8). This fact
indicates that for tin and nickel samples in indoor con-
ditions, the relation between mass loss (C) and & (TOW)
during the annual exposure period can not be descri-
bed by the same power equation C' = A4 . It has been
reported that the corrosion kinetics of nickel in indo-
or conditions is linear or exponentially dependent on
relative humidity values!!®Y 5. The partial pressure of
SO, significantly influences nickel corrosion, while H,S
and O, have little influence. Nickel corrodes in indo-
or environments at rates significantly less than those
outdoors, and follows logarithmic normal statistics.
However, should be stressed, that the not-uniform co-
rrosion attack (Figs. 10-11) does not permit to deter-
mine the real corroded area that can be used for calcu-
lation of the weight loss values per area (mg/m?). This
fact can probably change the nickel kinetic tendency
from lineal to its exponential form.

4. CONCLUSIONS

Samples of electrolytic tin and nickel have been expo-
sed during one year in a very high corrosive (CI5) in-
door (in rain sheltered cabinet) environment, due to
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the specifics of the urban-marine humid tropical clima-
te (Gulf of Mexico): high annual values of TOW (5620
h), which time is distributed in high temperature ranges
(90 % of TOW in 20°- 25 °C). The initial stages (1 to
12 m) of atmospheric corrosion of both metals reveal
that the mass loss of tin samples is higher than its corres-
ponding values of mass increase. However, Nickel sam-
ples mass loss values are twice lower than correspon-
ding ones to its mass increase. The relation between
mass loss or mass increase (C) and time of wetness ¢
(as real corrosion time) during the annual exposure pe-
riod can be described by the exponential law: C'= A ¢"
for tin samples. Due to the presence of chloride conta-
mination SEM images reveal a breakdown of the passi-
ve oxide layers formed on tin and nickel surfaces and
the development of pitting corrosion during the first
month of exposure. Within the annual period, the pit-
ting corrosion is extending on the nickel surface, pro-
moting more significant corrosion attack. XRD analy-
sis detects SnCl,.2H,0 as a corrosion product on the
tin surface. The nickel surface is covered by oxide pas-
sive layer and several elements (Ca, Si, CD) deposited
on it, as a part of the sand and sea dust in the marine
area. The SEM images show the appearance of black
spots on the tin surface, which morphology corres-
ponds to an organic material.
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