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Abstract. The effects of relative humidity (RH), temperature (T), sulphur dioxide (SO2)
concentration and chlorides deposition rate on the corrosion of Carbon Steel, Aluminum, Copper
and Zinc at the rural and coastal environment of Pachi military airport, aftear@ geoutdoor
exposure, are presented. A classification of the corrosivity of the airport atmosphere was based
both on environmental data and the corrosion rate measurements of carbon steel and aluminum
standard specimens, after the first year of exposaceording totSO standards and ASTM
norms. A systematic investigation is carried out for the-year outdoor exposure period for all

the tested metals based on corrosion rates determination and corrosion products characterization.
The findings underlinghe necessity of field studies results, in order to locally optimize the cost

benefit ratio in all steps of the aircrafts légcle.

Keywords: Atmospheric corrosion; corrosion management; military airport; corrosion damage
algorithm

INTRODUCTION

Atmospheric corrosion constitutes a major problem with regard to the deterioration of
construction materials, especially metals. The importance of the phenomenon of corrosion, as a
consequential factor in the protection of human constructions is firstierstood by the
economic implications and also the intensity of the efforts being made locally and internationally
to mitigate it. Several studies have concluded that corrosion costs at ab¥ubBthe Gross
Domestic Product of the industrialized nationdere atmospheric corrosion plays a main part
[1-5]. Organized attempts to understand the phenomena of atmospheric corrosion and at the same
time to develop prediction modetsf environmental corrosivity began in 1980, when three
programs studying atmolseric corrosivity worldwide were initiated. With the participation of
countries on four continents, Europe, America, Asia and Oceania, the ISOCORRAG,
ICP/UNECE and MICAT programs were launched. Despite their differences there were a
number of similaritiesf the basic methodologies. The main goals were to establish the Dose
Response Functions (DRF) based on the acquired experimental data: meteorological
(Temperature (T), Relative Humidity (RH), Precipitation (P), and Time Of Wetnhess (TOW)),
pollution (SQ and NaCl) and the determination of a methodology in order to be used for the
classification for the atmospheric corrosivity. As a result in 1992, the publication of ISO© 9223
9226 [69] was a major step for the atmospheric severity methodology, evaluatbn an
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classification from the viewpoint of outdoor exposure of metal specimens considering a
relatively small spectrum of climatological and pollution conditions. Additionally, an extensive
research has been carried out on the damage response functionsrasidrcaeverity. In the

work of Morcillo et al [10] the corrosion data obtained in the ISOCORRAG and MICAT
programs analyzing the corrosivity categories are compared to those estimated on the basis of
ISO standard 9223 [6] for the four reference metalg. ddrrelation coefficients obtained for the
damage functions of the 4 metals were hardly improved.

Many systematic research works that followed, suggest that the most significant changes,
from the atmospheric corrosion point of view, was the decrease enStB pollutant
concentration, the increase in other types of air pollution and the increase of the average annual
precipitation and temperature over the course of the 20th century. Carbon steel corrosion rate has
decreased exponentially at Rorarine site (urban, industrial and rural) and specifically by 50%
about each 1¥ear period for industrial and urban sites and eackieb period for rural sites
[1], during the | ast decades, mostly due to
A study of the atmospheric corrosion of the copper, zinc and aluminum exposed outdoors on a
coastal, an urbamdustrial and a rural environment for 18 months concluded that the interaction
between the chloride deposition rate with the time of rainfall effisscorrosion of the three
nonferrous metals in the most dominant way [R]future dominant role of chloride deposition
i n atmospheric corrosi on o fcoastad areak is aldo expdetadr o p e
[11].

There are other studies thatoet and evaluate the lorigrm trends of corrosion and the
functional life of manufactured products. Pourbaix [12] and McCuen et al [13] suggest that a 4
year corrosion versus time function is required in order to estimate t88 $6ar corrosion
behaviorof metals in a certain atmosphere, or 10 years in order to predict the infrastructures or
the manufactured products héycle. Summitt and Fink in 1980 [14] developed the Corrosion
Damage Algorithm (CDA) for the United States Air Force (USAF). The CD#sicters first the
distance to the salinity factor (sea salt water) leading either to the very severe (AA) grade or
judging by the moisture parameters. The CDA was recommended to USAF, by NATO Research
and Technology Organization (2011), as a basic tootdler to succeed an initial estimation of
the classification of atmospheric severity and as a guide to maintenance and logistic decisions
[15]. The last call to set the appropriate maintenance intervals remains in the capability and the
experience of theotal management, based on the field measured meteorological and pollutant
parameters and of the atmospheric corrosivity [14,15]. The models usually employed in order to
predict the corrosion damage are statistical regression models, which have beenrdsdasst
being locally accurate [16,17], but limited when the available environmental and corrosion data
are characterized as highly ntnear [1820]. Artificial Neural Network (ANN) method for
metals is also used for modeling Horear multiparametic systems [18,19] usually employing
the data from (i) the literature of long term exposure tests of metals and (ii) at least five
atmospheric corrosion stations. Jianping et al [21] employing the data from literature for long
term exposure tests presahi@n ANN modeling which is, under certain conditions, successful
and is not as trustworthy for very long term data. Their results are also better, than those of Feliu
et al [18,19,21]. No significant results were obtained by the described artificial netnairk
models using data collected from less than five atmospheric corrosion stations, after a research in
the relevant literature. The ANN can be designed and trained to estimate corrosion rates of
metals using meteorological and pollutants data, th@osxe time as the input and the
experimental metal loss as the output vector, with a relatively small error. An ANN model
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designed and trained in order to predict steel corrosion loss aftetdlongxposure in the Czech
Republic calculated the modelsrar at 6% [22]. Despite the fact that all the earlier
methodologies (ISOCORRAG, ICP/UNECE and MICAT programs, ISO methodology etc.)
have some limitations and new atmospheric corrosion models, which take into consideration the
nonlinearity of the acceleiagy effect of meteorological and pollution variables instead of the
mean values of these factors are proposed [23], the ISO stand&idar6still regarded as the

only reliable and globally accepted methodology to assess the corrosivity by measuring the
corrosion rates of standard metal samples and defining the corrosivity category of the atmosphere
[24].

In order to succeed a more accurate regional corrosion mapping with high correlation
coefficient-which is the main aim of all the relevant programd eesearchesand to assess the
severity of complex corrosion environments such as coastal industrial establishments, airports,
military infrastructure, new approaches in atmospheric corrosion modeling should emerge. The
results of sitespecific case studs could contribute in existing models improvement or could be
utilized in new algorithms training. East Mediterranean countries, such as Greece, have poorly or
not at all participated in this global effort. Greece has around 2,800 islands [25] and 13,676
kilometers of coastline [26]. Additionally, the proximity to the sea at the major part of its
continental region is a strong indication for relatively high chlorides deposition rate, also, as well
as inland. In Greece, an extensive corrosion damage of imetad constructions has been
observed. These costs are present in all steps of every infrastructure or progwycidiférom
material selection, design and installation to maintenance intervals and repair.

The present work stems from the need toatiffely reduce the corrosierelated damage
costs of military aircrafts helicopters and infrastructure. It also airoptimize the maintenance
management and to increase service life of the aircrafterder to optimize the corrosion
management and set the appropriate protection method a proper understanding of the local
corroding system is required. Therefore, commercially pure aluminum, unalloyed carbon steel,
zinc and copper have been employed for a-@ng atmospheric corrosion study, accordiog
ISO and ASTM norms [®,27-31] and a literature review on relevant sources was undertaken
[32-39], in the rural and coastal site of a military airport in an effort to assess corrosion impact on
aviation installations near the seashore. A classificabbrthe corrosivity of the airport
atmosphere was performed both on environmental data and the corrosion rate measurements of
carbon steel and aluminum standard specimens, after the first year of exposure, according to
thesetSO standards and ASTM norms.sfstematic investigatioffor all tested metatds also
carried out for a tweyear outdoor exposure period, based on corrosion rates determination and
corrosion products characterization. This approach did not use sensitive information or
confidential déa.

REGIONAL ENVIRONMENT AL PARAMETERS

Meteorological Data

The mean monthly rainfall, mean monthly wind speed and the prevailing wind at Elefsina
and Pachi areas were analytically investigated and presented in [40] with the data that had been
provided by the National Observatory of Athens (Megara station), thestiirof Environment
and Energy and the Hellenic Meteorological Service (station of Elefsingd3¥1n brief: The
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wettest month (with highest rainfall) is December. The driest months (with lowest rainfall) are
July and August. The mean annual rainfaloant of the area, during the period 1958 has

been estimated around 37.29 cm. The mean annual wind speed of the area, during the period
200911, has been estimated at approximately 11.22 km/h (3.17 m/s), marginally greater than
the thresholdvalued 1 km/ h which is the Amini mum wind
for the entrainment of marine aerosols over awatt er body o [ 34]. The mor
at Megara Area is presented at the Table below:

TABLE 1. Monthly prevailing wind at Megara Area (period: 1979991) [40,43]

Month Prevailing Wind Month Prevailing Wind

JAN NORTHWEST W) JUL NORTHWEST P W)
FEB  NORTHWEST W) AUG NORTHWEST PW)
MAR  NORTHWEST PW) SEP  NORTHWEST P W)
APR  NORTHWEST PW) OCT NORTHWEST(?W)
MAY  NORTHWEST W) NOV  NORTHWEST P W)
JUN NORTHWEST PW) DEC NORTHWEST PW)

CALM: 31%

Pollutants

By taking into consideration the yearly evolution of the mean concentration values of gas
pollutants over the Attica region for the decade 2@009,there is an almost constant presence
of Os, with a mean concentration of 5§ m 3 [44]. In the industrial area of Elefsina, where the
countryos industrial core is sited and in a
concentratonof SO s at ab[da4646f € g/ m

No pollutant measurements have ever been made in the airport area. The concentration of
sulfur dioxide at the airport is estimated, according to the European Monitoring and Evaluation
Programme (EMEP) [47] and severmurces [40,452]. Regarding the existence of pollutant
SO, namely the airportés area has been studi
pollutant estimated at [SPha= 2£g/m® [40,48].

EXPERIMENTAL PROCEDU RE

Materials

Aluminum, zinc, coppeand unalloyed carbon steel specimens have been exposed in
outdoor atmospheric conditions, at the roof of a maintenance hangar, at a distance of
approximately 0.2 km from the seashore at Pachi military airport respectively for-ge&ro
exposure periodexposure started in 2014 at two different periods of the year, in summer and in
winter, in order to determine the seasonal effects on the initial corrosion stage and eventually the
long term effects on the metal surface as well as the evolved corrostsn Take standard
specimens of commercially pure aluminum (>99.5%min), unalloyed carbon steel, zinc and
copper are flat specimens of size 100 mml 100
ISO 9226 [9]. Table 2 shows the detailed composition oftéséed carbon steel samples as
analyzed by an ARL3460 automatic Optical Emission Spectrometer (OES) at Halyvourgiki Inc.
laboratories.
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TABLE 2. Average chemical composition (wt.%) of unalloyed carbon steel specimens

Fe C Mn S P Si Ni Cr Cu V Al Sn Mo Co As Ca Nb N (@] Pb
99.440.070.320.03 0.0069 0.0070.020.020.04 0.00070.01 0.004 0.0030.003 0.0017 0.0006 0.001 0.004 0.016 0.0008

Selection of Exposure Site

The military airport of Pachi, Megara, Greece was selected@ssure site due to (i) the
macroscopic observation of the corrosion in aircraft subassemblies and of the construction
materials in helicopters, after technical inspection, (ii) the high costs in all steps of the aircrafts
life-cycles worldwide and (iiifo the proximity of the rural test site to the seacoast and to the
surrounding industrial area of Elefsina.

Preparation of the Specimens and of the Installation at the Exposure Site

Four test pieces were used for each metal and period of exposure arcak at 45U
horizontal facing south, as seen in Figures 1 and 2. The metal structures were designed with the
use of A3D CAD Design Software SOLI DWORKSO®GO0,
constructed in the Laboratory of the Manufacturing Tebdbgy of NTUA. Three specimens, for
each metal and period of exposure, were weighted before and after the exposure in order to
measure the weight loss. The preparation, cleaning of the metal coupons (and the mass loss of the
exposed metal samples was detimed after sequential pickling as per ISO 8407 [28] and the
ASTM norm, G190 [29]. Chemical cleaning procedures for the removal of the corrosion
products are described in Table 3.

TABLE 3. Chemical cleaning procedures for remowhtorrosion products after the exposure

Metal Chemical Time Tempeature
Aluminum 50 ml phosphoric acid, 30 gr chromium trioxide, distilled water to make 10 min 80°C to boiling
Steel 250 ml hydrochloric acid with inhibitor, distilled water to mal@&00 ml. 10 min 20-25°C
Zinc 150 ml ammonium hydroxide, distilled water to make 1000 ml. 5 min 20-25°C
Copper 500 ml hydrochloric acid, distilled water to make 1000 ml. 3 min 20-25°C
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A-39



NAUSIVIOS CHORA, VOL. 7, 201

L D R GEER, oF P

FIGURE 1. Outdoor exposure of the flat metal specimens aaitport. On the frame, the Tinytag PLUS 2 data
logger with Temperature/Relative humidity probe

°y i

FIGURE2.Devi ce used for fiDetermining Atmospheric Chlorid
airport. Facing the sea in a distance of 150 m fragrstfacoast

Corrosion Evaluation Methodology

Three test specimens for each metal and period of exposure were used for gravimetric
anal ysi s. ghe fourth test speci men for each
products formed on the metal sagé. All samples were weighed before and after exposure. Test
work was carried over 2 years, with samples taken for analysis after 3, 6, 12 and 24 months
during the two periods of exposure. ATabl eCu
were usedor the determination of the power equations and for plotting the data relative to the
corrosion loss. Corrosion rates were determined from the weight loss of specimens in accordance
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with ISO 9226 [9]. The obtained data were used for the classificatiatmafspheric corrosivity
according to ISO 9223 [6]. The corrosion products formed on the metal surfaces have been
characterized by: (i) The FEI Quanta 200 Scanning Electron Microscope/Energy Dispersive
Spectrometer (SEM/EDS) coupled winergy DispersiveX-Ray Analysis (EDAX)The SEM
images were analyzed by means of the computer program EDGE.EXE [53]. (ii) The Siemens D
500 X-ray diffractometer (with graphite crystal monochromator and a Cu anticathode) based on
an automatic adjustment and analysis syst&itin DiffractEVA quality analysis software [54].

(i) A Leica DMR Optical Microscope (OM). (iv) The aluminum surface morphology
examination was by afstomic Force Microscope Scanner (AFM) DUALSCOPES®of DME.

Carbon steel and aluminum specimens are also exposed each year since 20ikfor a 1
exposure period, during winter (the worst case scenario as concerns the direct corrosion of the 2
metals at Pachi Airport region), in order to examine réfl@bility of the Corrosion Damage
Al gorithm at the airportdéds region.

Recording of T and RH at the Test Site

The parameters of air temperature®() and of relative humidity (RH%) were obtained
by a temperature and RH da%G@ fol aygay & the exaCtifieldy t a g
sites, as seen in the frame of Figure 1. T and RH were also used for calculating the Time of
Wetness (TOW) using the procedure given in ISO 9223 [6].

Airborne Salinity Determination

Airborne salinity by chloride is irhe process to be measured by the Wet Candle Method
for the airport according to ISO 9225 [8] and ASTM GD®[27] standards. Sampling is
performed every 30 days, while a new sample is positioned for further exposure. The amount of
chlorides, in every sang is measured by both the Mohr and Volhard titration methods, as well
as by AgNQtest.

RESULTS AND DISCUSSION

In.situ Measurement of Airportdés Meteo

The monthly variation of the temperatthramidity data and the time of wetness are
presented on Figure 3.
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Relative Humidity % -Mean and Standard Deviation of Mean Monthly Temperatures at Pachi airport
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FIGURE 3. Monthly variation of T {C) and RH (%) data at the Airport Area

The Time of Wetness expressed in hours per year is estimated in 2,439 Howe 9kt
TOW factor is expected to affect the atmospheric corrosion of metalsmajor degree. The
influence of temperature on the atmospheric corrosion of many metals has a maximum at about
911 AC. The mean annual t °€.Aqrerding to la previoaststudy h e  a
[40], the concentration of sulphapbntaining subltsinces represented by S8 smaller than 12
e g P. Bue to the NW prevailing wind at Megara area, from inland to the seashore and the mean
annual wind speed [40] the salinity is expected to affect the corrosion of metals to a lesser degree
than what is gegrally expected for a coastal site.

The 2-Year Corrosion Evolution of the Tested Metals and Classification of the
Corrosivity of Pachi Airport Atmosphere

The 2Year Corrosion Evolution of the Tested Metals

For modeling the data relative to the corrosioss, the (power) kinetic equation (1) in
the form:

W O 0 (1)

where a: a constant, t: time of exposure in days; and b: time exponent. The validity of the
equation and its reliability to predict lostgrm corrosion has been demonstrated by many authors
[19,5562].

The constant flad r epr es e nitstsyeat, lwkkle tbeotime o s i o
exponent Abo r-egparsleass yhel acnul 883]. The | ower
more protective the corrosion product layer on the metal surface [64]. Both a and b constants are
dependent on the type of metal aod the climatic parameters. The statistical correlation
coefficient, R, is a measure of the grade of fit of the environment regression,?aride R
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coefficient of determination, expresses the fraction of total variance of the data explained by the
regress on [ 6 3] . Regression analyses of the tim
environmental factors of TOW, sulfation and salinity, by SW Dean and DB Reiser [63], indicated
that for all four metals, the time exponent regressions were barely or ribsigh#dicant with
environment al vari ables and on the other han
cases.

The representation of the corrosion data versus time in a power plot are depicted at Table
4 and Figures 4 for each one of the ¢&2d metals. Figures-4 show the experimental
gravimetric curves, when exposure starts during winter (upper curve) and during summer (lower
curve), and the fitted model equations obtained for carbon steel, aluminum, copper and zinc
metal specimens for thmastal site of Pachi for the two initial time of exposure (initial corrosion
stage). Table 4 shows the mass loss data for 1 and 2 years determined experimentally and the
model equation parameters and the estimationya&fat corrosion by the projectior the model
equations.

0.05

0.04

0.03

0.02

Weight Loss (g/cm?)

0.01

0 150 300 450 600 750 900 1050 1200 1350 1500

Exposure Time (Days)

FIGURE 4. Experimental gravimetric curves, with exposure starting during winter (upper curve) and summer
(lower curve), for unalloyed carbon steel and the fitted model equations.
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FIGURE 5. Experimental gravimetric curves, widxposure starting during winter (upper curve) and summer
(lower curve), for Aluminum Alloy 1050 and the fitted model equations.
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FIGURE 6. Experimental gravimetric curves, with exposure starting during winter (upper curve) and summer
(lower curve), forCopper and the fitted model equations.
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FIGURE 7. Experimental gravimetric curves, with exposure starting during winter (upper curve) and summer
(lower curve), for Zinc and the fitted model equations

TABLE 4. Mass loss data for dnd 2 years experimentally determined and the model kinetic parameters. Estimation
of 4-year corrosion by the projection of the model equations

Exposure Calculated Kinetic
Metal Start Average Mass Loss (gfin Equations Constants
1Year 2 Years 4 Years a b R?
Summer 149.1 216.4 355 258.81 1 068 0.91
Carbon Steel .
Winter 126.5 281 470 134.%71 080 0.93
Summer 0.31 0.44 0.53 9.857 1 0.29 0.87
Aluminum i
Winter 0.57 0.66 0.79 4.8F10 033 0.96
Summer 20.9 25.8 36.9 9.2F10 o051 0.99
Copper i
Winter 16.7 26.4 375 7.4F10 o054 0.99
Zine Summer 4.4. 7.1 12.6 38.37T1 080 0.99
Winter 8.4 12.9 16.7 7.1F10 043 0.96

In the case of carbon steel, the relatively small value of the time exponent agrees with the
TOW observed at the airpognvironment. The value of the carbon steel time exponent in an
at mosphere with higher TOW would be higher
constant [ 63] . The c¢caé values at the airpor
contamhg substances and salinity (due to the p
during summer at the airport probably due to the maximization of the frequency of aircraft
technical tests and as a result the maximization of aircrafts fuel emissidfeiqs) in
combination with the lower wind speeds which results to highera®@ sessalt deposition on
the metal surfaces [63]. During the first year of exposure, steel exhibits an almost identical
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corrosion rate and is independent of the period (summer or winter) initially exposedy®aulti
corrosion evolution shows thalhe synergistic effect of sea chlorides, from natural airborne
salinity, with SQ plays a significant role in determining theri@asion rate of steel [65,66]. High
RH-TOW, during the period Decembbtarch, and the decisive influence of temperature, during
January and February increase the corrosion of steel specldraiyed carbon steel, exposed
during winter, showed increasedrrosion among the tested metdlbe & pollutant has little
effect in steel corrosion rate and there is no synergistic effecs wit®the SQ pollutants [67].

In the case of al umi num, the Abo values
variations, due to the AD; spontaneous formation upon exposure in the environment, which
protects the metal Ssubstrate. Sul fation and
three metals [41]. Al umi num e x hvalbes thas the dther | o we

tested metalsThe corrosion values found less than 0.30%g/rduring the multyear corrosion
evolution, are mainly the result of metal attack by the chemical reagent used during cleaning for
gravimetric weight loss calculation ha&tr than by the severity of the atmosphere [66]. The
highest corrosion rate of aluminum specimens are observed at winter. That was expected mainly
due to the effect of high RAIOW, in relation to the samples exposed during summer, and
secondarily due to ethimpact of salinity [58], because of the proximity to the sea. High RH
TOW, during the period Decembbfarch, and the mean monthly temperature, during January
and February, also guide to the relatively increased corrosion attack. Aluminum corrosien rate i
the lowest among the tested metals.

In the case of copper, salinity and TOW strongly affect both the time exponent and the
Ailao v al Duerg the flrséy@dr of exposure, copper corrosion rate is an order of magnitude
lower than that of steel andidependent of the initial period of exposure. Copper has a low
corrosion rate because of its low thermodynamic tendency to react (low potential compared to
iron). Copper also exhibits the highest coefficient of determination valtwd(89).

In the case of zinc, the environmental variables do not affect the protectiveness of the
corrosion product to a great degree. TOW and chlorides affect the time exponent values to a
small degree. Higher TOW reduces the protective capacity of corrosion $aytation strongly
affects the fad value, but not as strongly as:s
IS no washing out by rain the layer does not increase, unless there is a continuous layer of
electrolyte induced by the humidity whiel night will form a water layer on the surface. From
the first year of exposure, zinc exhibits corrosion rate dependent of the period initially exposed
and an order of magnitude lower than steel, a fact that has been found by other researchers [68].
Higher RHTOW play the catalytic role in corrosion rate of zinc [68]. The synergistic effect of
the relative high moisture with sulphur dioxide [52] and relative high ozone concentration [69] in
the atmosphere increases its corrosion rate. As it is obsergad;dncentration of SQor high
concentration of chlorides in the atmosphere leads to the dissolution of the protective corrosion
layer and creates watsoluble corrosion products that lead to high corrosion rates of ziac [70
72]. Zinc corrosion rate deeases with time and that leads to the fact of relatively low
concentration of both pollutants (8@nd chlorides), that confirms the results of this study and
the classification analyzed below. In the marine atmosphgjeof{Rhe airport the corrosion of
zinc is a direct function of TOW and the chloride pollution level [73]. The nyakir corrosion
evolution shows that zinc specimens exposed during winter exhibit steadily higher corrosion rate,
by at least 45%, than those exposed during summer.

Gravimetic data for the winter season: During the first 3 months of exposure higher
weight loss values are obtained for aluminum, steel and zinc causing deviations from fitted
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curves. This can be attributed to the wat@lubility of the initial corrosion produst From the 6
month experimental data it is evident that both corrosion film dissolution and-iwstéuble
corrosion products accumulation take place.

Classification of the Corrosivity of the Pachi Airport Atmosphere

Data on the corrosivity of th@tmosphere are essential for the development and
specification of optimized corrosion resistance for manufactured products. The corrosivity
category is a technical characteristic which provides a basis for the selection of materials and
consequently protéiwe measures in atmospheric environments subject to the demands of the
specific application particularly with regard to service life [9].

The airport atmosphere is classified by sulptmmtaining substances represented by, SO
in accordance with 1ISO @3 [6], in pollution category i{[SO;] < 1 2 *)awpi¢hiis accounted
to be background pollution by $@nd insignificant from the point of view of corrosion attack.

The Time of Wetness expressed in hours per year is estimated in 2439 hours/a. As a result, the
at mosphere is classified of TOWhecharactdridaton ac c
of an outdoor test site with respect to its corrosivity can be accomplished by determining the
corrosion rate of standard specimens exposed for one year to the atmosphere at the respective
location (direct corrosivity evaluation). The corrosion rate for thet fiear of exposure for the
different corrosivity categories is presented at Table 5.

TABLE 5. Corrosion rates for the first year of exposure for the different corrosion categories according to 1ISO:9223 [6].

Corrosion Category carlon stee(g/nta) Aluminum (g/nfa)
c1 010 Negligible
Cc2 117 00 00. 6
C3 2017 400 0.67 2
C4 4017 650 2i 5
C5 6517 1500 51 10

The average chemical composition of commercially pure aluminium (>99.5%min) and of
the unalloyed carbon steel (QL03% to 0.10%, P<0.007%) specimens used at this study meets
the requirements described by ISO 9226. In contrast, zinc and copper, according to the
commercial supplier, does not meet the requirements described by ISO 9226 [9]. As a result, the
classificaton of the atmospheric corrosivity, for carbon steel and aluminum is presented at Table
6.

TABLE 6. Firstyear of exposure corrosion rate of carbon steel and aluminum and I1SO classification of the
atmosphere severity at the airpartarding to 1SO:9223 [6].

Metal (g/nf)
Exposure Start Carbon Steel Aluminum
Pachi/Summer 149.1 0.31
Pachi/Winter 126.5 0.57
ISO Classification of N N
Corrosivity of Atmospheres C2¢lowe C2¢lowe
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The higher firstyear corrosion rate of carbon stepkcimens, exposed during summer, is
primarily caused by the background pollution of the area, (&@l salinity) and the high
conductivity of the steel specimens surface due to the existing Particulate Matters (PMs) in the
area augmented by the North Afin dust (PNb) during the initial time of exposure.

According to the classification of the corrosivity of atmosphere, the airport atmosphere,
with regard to pollution by airborne salinity, according to ISO 9223 [6], is expected to be
classified agollution category §( deposi ti on r at e?d)pdrS @déposiiani de C
rate of chloride in mg/fd: 3<S<60). In relation with the corrosion products development and the
atomic concentration of chloride observed on copper specimens (preseniell bet chloride
deposition rate is not insignificant, regarding the atmospheric corrosion, and it cannot be
considered as background pollution. As a result the pollution categaxpf®@ars to be better
related to the observed corrosive environment. €gtgmation is expected to be confirmed or
rejected by the results of the wet candle methodology.

After a comparison of the results of the meteorological and pollution data, and of the
gravimetric analysis on carbon steel and alumirspacimens exposed #ie coastal site of
Pachi, so far, to the expected corrosion damage, estimated by the CDA, there are indications that
the CDA does not provide a good correlation between the predicted and the actual corrosion
damage at the Pachi Military Airport (Figurg 8

Distance —I
tosea (<4.5km
l > 4.5 km
S 7149 ™ fumidity\ 719 M
or
<125 cm/yr Rain  >125 cm/yr
>43 pgm” >‘gugm"
>61ugm’ > ug m;
>36 ugm’ SO, SO, >36 ngm
B—— T 5P —— A
o, o,
<43 ugm’ <43 ugm’
561“9"‘: <61ugm’
<36 ugm <36 ugm”
Expected Corrosion Damage
| AA very severe | B moderate
A severe C mild

FIGURE 8. Section of the Corrosion Damage Algorithm that Considers Distance to Salt Water, Leading Either to
the Very Severe AA Rating or a Consideration of the Moisture and the Pollutants and the Expected Corrosion
Damage to Carbon Steel aAtiminum Components of the Aircrafts at the Airport (Red Path) Site [14, 15]
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The comparison of the classification of atmospheric corrosivity, according to the I1ISO
classification system, to the expected corrosion damage by the CDA at the airport iegrasent
Table 7.

TABLE 7. Comparison of the classification of Atmospheric Corrosivity, According to the ISO Classification
System, to the Expected Corrosion Damage by the (CDA) at the Pachi Airport.

Metal
Pachi airport Commercially Pure
UnalloyedCarbon Steel Aluminum
ISO Classification of Corrosivity of ~ ~
Atmospheres C2 ALOW C2 ALOW
CDA Classification of Corrosivity of AA fivery severeod
Atmospheres

Characterization of the Metals Surfaces after 2 Years of Exposure

In the case of unalloyed carbon steel traces of sulphur, carbon and chloride, attributed to
the aircrafts fuel emissions and the proximity to the sea (0.2 Km) respectively, are detected from
the carbon steel specimens surface analysis by Scanning Eletroiscope/Energy Dispersive
Spectrometer (SEM/EDS). Indications of hydroxychlorides and sulfides formation are also
detected on both sides probably because of the small thickness of the corrosion layers or the
water solubility of the corrosion productSarbon Steel exhibits the highest concentration of
oxygen among the tested metals due to the oxides and hydroxides formed. Growth of oxides,
hydroxides and hydroxychlorides are observed, both in skyward and downward sides, already out
of the 1st semestef exposure by Xray Diffraction (XRD). Lepidocrocite and traces of goethite
were identified after two years of exposure of carbon steel specimens surface in the atmosphere
independently from the initial time of exposure (summer or winter) and the side spécimens
(skyward or downward). Magnetite is identifi
during winter, after 2 years of exposure. The corrosion products development on steel surface
observed by Optical Microscope (OM) and byra¢ Diffraction (XRD), during the Z/ear
exposure period, for both initial time of exposure, is presented at the Figures 9 and 10 below.

Before the After 1 Year of Outdoor Corrosion After 2 Years of Outdoor Corrosion
exposure

Downward

FIGURE 9. Corrosion products developments on steel surface observed by OM.
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FIGURE 10. Corrosion Products Developments on Stafface (Skyward Side) Identified byrdy Diffraction
(XRD) After a 2Year Exposure Period.

The corrosion products development on the copper surface observed by Optical
Microscope (OM), during the-gear exposure period, is presented at Figure 11.

Before the After 1 Year of Outdoor Corrosion

After 2 Years of Outdoor Corrosion
exposure

Summer Winter

Summer Winter

Downward
side

FIGURE 11. Corrosion products developments on copper surface

In the case of copper, increased concentrations of oxygen and chlorides are detected by
SEM/EDS. Copper exhibits the highest concentration of chlorides among the tested metals. On
the skyward gle of copper specimens (x100), after 2 Years of exposure (exp. start: Winter and
Summer) the % atomic concentration of oxygen, sulphur and chloride were 57%0, 0.5%S and 6
9% ClI, respectively. On the zoomed in area of Blaek Scattered Electron imag@é copper
specimen by SEM/EDS (area on the frame of Figure 12), after 2 years of exposure, the %

atomic concentration of oxygen, sulphur and chloride detected by SEM/EDS was 61.5% O, 0.5%
S and 8.35% CI respectively).
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FIGURE 12 Back Scattered Electrdmage (BSE) of Copper Specimen (Skyward Side) x800, After 2 Years of
Exposure (Exp. Start: Winter), with detected local chloride attack

Growth of oxides and hydroxides both in skyward and downward sides, already out of the
1st semester of exposure, Heeen observed by XRD. Cuprite ({Q) is identified as the main
corrosion product, at both sides of the specimens, afteryar2outdoor exposure.

In the case of zinc, no visual significant corrosion impact is observed. Local traces of sulphur,
due to aicrafts fuel emissions, are observed. No chloride compounds are detected. The high
TOW favors the dissolution of zinc chlorides in moisture film. On the skyward side of zinc
specimens (x800), after 2 Years of exposure (exp. start: Winter and Summer) atoenméd
concentration of sulphur and oxygen were 0.49% S and 34.9% O respectively.

In the case of aluminum, no visual significant corrosion impact is observed. Oxygen,
traces of sulphur & clorides are only locally detected by SEM, afteyeaf exposurg@eriod,
despite the aircrafts fuel emissions, the proximity to the sea, and the aluminum susceptibility to
pitting corrosion. Pitting is macroscopically and microscopically detected on aluminum
specimens surface, but in a much smaller extent than thedisettxpected and only after 2
years of exposure, due to (i) the pollution of the area €@ salinity), (ii) the existing PMs in
the area (augmented seasonally by the North African dust), (iii) the meteorology of the area
during summer (low RHOW and pecipitation) and (iv) the presence of the aircrafts in the
area. During the transition spring and autumn periods the impact of African dust reaches its peak
and increases the particulate matters {§fMoncentrations in the Greek region [74]. It was also
observed that the driest months, with lowest rainfall and RH, are July and August [40]. The
continuous takeffs/landings and technical tests, during summer, provoke the maximization of
the deposition of sulphur dioxide locally, the continuous resuspeasiordry redeposition of
the contaminated with sulphur dioxide particulate matters (PMs), on their peak concentration,
that guide to relative higher pitting, in density and depth, to the aluminum exposed during
summer, as it is presented at Table 8. Turéase morphology development of the skyward side
of the Aluminum 1050 by AFM, after two years of exposure is presented in Figure 13.
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FIGURE 13. Surface morphology of the skyward side of the Aluminum 1050 by AFM, before and after 2 years of
exposure during summer and winter respectively
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