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A. INTRODUCTION

Atmospheric corrosion is an electrochemical process and moisture must be present on the corroding
surface for it to proceed. This can be in the form of a visible liquid layer (rain, dew) or as a thin film
formed by condensation at the surface. It has been accepted that such moisture films can form at
critical relative humidities, which are determined by the nature of the corroding surface and the
chemical species that are present on it. The time that a surface remains "wet" by either of these
processes has been defined as the time of wetness (TOW) in the International Standard on
Corrosivity of Atmospheres ISO 9223 [1], and it is the critical factor in determining the extent of
atmospheric corrosion, together with the presence of pollutants that can be natural (e.g., airborne sea
salt) or manmade (SOx, NOx). The ISO standard also uses the length of time when the relative
humidity exceeds 80% at a temperature greater than O0C as an estimate of TOW. However, evidence
gathered by several researchers in coastal regions of the Antarctic continent has shown this definition
to be inadequate.

There has been a common assumption that there is no corrosion in Antarctica because of the "dry
cold" and this myth has persisted even among people with Antarctic experience. Remarkable
preservation of metal can be observed in Antarctica, and the excavation of uncorroded metal artifacts
from the ice inside the Scott expedition huts in New Zealands's Ross Dependency in the early 1960s
probably reinforced the myth. Removal of the ice and snow radically changed the microenvironment
and resulted in rapid corrosion of metal items [2]. Notwithstanding the low temperatures, the
environment at several historic Antarctic sites was perceived to be severely corrosive and erosive,
with very strong winds frequently blowing salt-laden snow off the sea ice and depositing it on huts
and equipment. Measurements of corrosivity were made at Cape Evans (the site of Scott's hut) using
a standard copper-bearing steel, and the result of 10.8 fim/year (0.43 mil/year) was much higher than
expected, considering the site is 770S, is surrounded by sea ice for 10 months of the year and has air
temperatures rarely above O0C [3]. At nearby Scott Base (Ross Island), the mean monthly
temperature for the coldest month (July) is -290C, for the warmest month (January) is -50C, and
annually it is -2O0C. The precipitation is 150-200 mm of water equiv/year [3].

The myth that corrosion in very cold regions is always low is dispelled. This chapter
discusses issues relating to cold climate corrosivity and gives references to studies conducted
in these regions.
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B. INFLUENCE OF TEMPERATURE AND SOLUBLE SALTS

Experimental and theoretical work in the former USSR [4] demonstrated that no significant
reduction in corrosion rates occurs until the temperature falls below -250C; it then falls sharply and
approaches zero at -450C. This was attributed to a retardation of the electrochemical processes at
the surface. Laboratory studies in Canada [5] using the potential developed between platinum and
zinc electrodes to indicate the presence of an electrolyte showed measured potentials at -2O0C, and
the conclusion drawn was that there was no freezing point at which corrosion would cease.
Furthermore, as discussed above, salt deposition is significant in coastal regions of Antarctica. Rain
is very rare and wind-deposited salt is not washed off surfaces. The phenomenon of depression of the
freezing point of salt solutions is well established [6], and with appropriate salt compositions
involving chlorides of calcium and sodium, the freezing point could be depressed to as low as
-5O0C. Given the salt deposition regime in coastal regions of the Arctic/Antarctic and the absence of
rainwashing, a scenario of a saturated salt solution at the surface is definitely feasible in such
environments. It is possible also that the long hours of sunlight in the polar summers could raise the
surface temperature of dark objects considerably above the surrounding air temperatures, but this
temperature rise is inadequate to totally volatilize the electrolyte layer.

C. DEFINITION OF COLD CLIMATE REGIONS

The issue of defining which geographic regions of the world have climates with low temperatures
that can significantly influence corrosivity has been addressed by Perrigo et al. [7, 8]. He states that
the regions designated Arctic and Antarctic above and below 660SB' latitude north and south do not
cover this adequately. Neither does the inclusion of the subarctic and subantarctic defined by some as
the regions between 60° latitude and the polar circles. In the Northern Hemisphere, Perrigo suggests
two regions defined by the U.S. Army Cold Regions Research and Engineering Laboratory (CRREL)
[9] in which the average temperature of the coldest winter month is — 180C or less, or between O and
-180C. Nonetheless, part of these regions can have "normal" summer temperatures (> 2O0C) and
rainfall, and at these times corrosion proceeds unchecked.

In the Southern Hemisphere, Perrigo has similarly identified two global lines to define the limits
of cold climates. The northern most is an isotherm where the mean temperature of the warmest
month is 1O0C (5O0F) [7], and to the south is the Polar Front (previously known as the "Antarctic
Convergence" [1O]), which is a temperature boundary between the near-freezing waters surrounding
Antarctica and the warmer waters of the subantarctic. Only the southern tip of the South American
continent, the subantarctic islands and of course Antarctica itself fall within these regions.
Heginbottom et al. draw attention to the distribution of permafrost [11] as being another indicator of
a cold climate and a factor that will significantly influence cold climate corrosion.

D. ARCTIC CLIMATE AND CORROSIVITY STUDIES

The general pattern of corrosivity in the regions traditionally designated as the Arctic and subarctic
can be expected to differ from the cold regions in the Southern Hemisphere, namely, the Antarctic
and subantarctic, since the Arctic comprises continental land masses surrounding the North Pole,
which is in the middle of the Arctic Ocean and in summer has large areas of open water. Subarctic
regions include prairies and forests that can be expected to have low corrosivity, but there are also
areas with substantial industrial and mining activity in North America, Scandinavia, and Russia,
where higher corrosivity will occur. There are many islands and coastal regions with maritime
climates (e.g., Aleutian Islands and Alaska) where marine salts will influence corrosivity. Extensive
use is made of deicing salts in North American and Scandinavian cities, which have a profound local
effect on corrosivity.



A Canadian site, Norman Wells, some 450 km from the sea in the Northwest Territories has been
a benchmark for a site with low corrosivity. The 1-year corrosion rate of cold rolled steel was
measured as part of ongoing ASTM programs and the average rate (for 6 years) was 0.7 |im/year
(0.03 mil/year) [12]. This is a surprisingly low result considering that the mean monthly temperature
ranges from +6 to +160C for 5 months of the year with significant summer precipitation and relative
humidity (R.H.) consistently >85% [13].

Divine and Perrigo [14] exposed a range of metals in Anchorage, Alaska, and report a 1-year
corrosion rate for carbon steel of 8.1 urn/year (0.32 mil/year). Biefer [15] exposed mild steel wire-
on-nylon bolt specimens for a period of 1 year at sites in the Canadian Arctic and subarctic.
Corrosion rates as low as 2-5 |im/year (0.08-0.2 mil/year) were obtained at 10 inland sites on the
mainland of the western Arctic and the northwest Arctic Islands. At seven other northern sites,
usually within 1 km of the sea, corrosion rates ranged from 21 to 34 um/year (0.83-1.34 mil/year),
comparable to rates measured in southern Canada.

Mikhailov et al. [16] studied corrosivity in eastern Siberia including severe cold climates both on
the coast (annual temperatures —6 to -130C) and inland (—11 to -170C). They provided corrosivity
data for carbon steel and zinc for 29 sites and this was correlated against TOW, annual average
temperatures and relative humidities, and atmospheric pollutants (SO2, Cl~). Measured steel
corrosion rates ranged from 0.7 to 32|im/year (0.03-1.26 mil/year). Thirteen references are
provided.

There have been a number of studies in Scandinavia concerned with the classification of
corrosivity. Kucera et al. [17] exposed specimens of steel and zinc at 32 sites, of which all but one
were described as being in a temperate climatic zone. The subarctic station with a yearly average
temperature of 1.30C showed a steel corrosion rate of 6|Lim/year (0.24 mil/year). Hakkarainen and
Ylasaari [18] measured corrosion with steel and zinc at five sites in southern Finland and correlated the
data with TOW and SO2 levels. Corrosion rates of steel were from 20 to 50 Jim/year (0.79-1.97 mil/
year). In Norway, a series of exposure programs was reviewed by Atteraas and Haagenrud [19].
Materials included steels, zinc, and aluminum exposed at up to 38 sites mostly close to the coast.
Measured corrosion rates were generally quite high (e.g., for carbon steel 1-year exposure 17-70 um/
year) (0.67-2.76 mil/year). Seventeen references were provided.

E. SUBANTARCTIC CLIMATIC VARIATION AND CORROSIVITY

Isolated subantarctic islands surround the Antarctic continent. Subantarctic climates are very
different from those of Antarctica itself. Characteristically temperatures are cool, with summer
temperatures rarely above +1O0C and winter temperatures rarely below O0C. Formation of sea ice is
rare. Winds are characteristically gusty and strong. Being isolated by long sea distances from any
industrial activity, pollution is very low. All of the islands have historic sites, and metal artifacts
show extensive corrosion. Macquarie Island (an Australian Territory at latitude 540S) was the
subject of a small survey (6 sites) to obtain corrosivity data that could assist in conservation
measures [2O]. The environment is severe marine with annual rainfall of 901 mm, and mean
relative humidity at 0900 h is 85-90% throughout the year [21]. Standard low-alloy copper-bearing
steel coupons were used, and 1-year corrosion rates were found to be on average 122|xm/year
(4.80 miVyear), with a maximum rate of 219|im/year (8.62 mil/year). Twenty-two references
are provided.

F. ANTARCTIC CLIMATE AND CORROSIVITY STUDIES

Corrosion studies conducted in Antarctica and aspects of the Antarctic climate have been reviewed
in a paper that also describes a corrosivity survey conducted at nine sites on the continent, including
the South Pole [22]. Thirty-nine references were provided.



The Antarctic is generally characterized by severe cold, with average temperatures in summer
being significantly lower than those in the Arctic [1O]. The Antarctic Peninsula is the warmest region
of continental Antarctica, but summer air temperatures are still rarely above +50C. Summer
temperatures in the high Arctic are considerably warmer and can exceed +2O0C, and dwarf Arctic
willow trees grow even at 750N. Antarctic climates are so cold that there are no trees and even grass
only grows in the warmest parts of the Antarctic peninsula.

The authors of the review recognized that standardized measurements of corrosivity could assist
in conservation strategies at historic sites, and clarification was needed to establish why corrosion
rates are higher than expected given presumed low TOWs. The 1-year corrosion rate of low-alloy
copper steel showed an exceptional range from 27.1 jam/year (1.07 mil/year) at Rothera (Antarctic
Peninsula, 67°34'S, on the coast) to 3.4 ̂ m/year (0.13 mil/year) at Mawson (67°36'S, on the coast),
0.87 urn/year (0.03 !ml/year) at Vanda (77°35'S, 80 km from the coast [3]), and 0.05|im/year
(0.002 mil/year) at Vostok (78""287S, 1200 km from the coast). This variation on the Antarctic
continent itself represents a factor > 500. The influence of TOW, salt deposition, and wind direction
on the results was discussed.

Mikhailov et al. [23] studied the corrosion of steel, copper, cadmium, and an aluminum alloy at a
Russian coastal station, Mirnyi (66°33/S). A corrosion rate for steel of 7.7 Jim/year (0.30 mil/year)
was measured and described as comparable with the rate on Ayon Island in the Russian Far East
(above the Arctic Circle) and an order of magnitude higher than the corrosion rates measured at two
other Russian sites, namely Bilibino and Oimyakon [24]. Climatic parameters and salt levels were
measured and the ISO TOW was only 93 h/year in contrast to the range described in the Standard [ 1 ] of
250-2500 h/year (category T3) for dry cold climates and some temperate climates. The authors
concluded that in the presence of airborne sea salt, corrosion could proceed at temperatures significantly
lower than-I0C.

Fahy [25] studied corrosion of aluminum coupons with different surface treatments including
mill and anodized finishes. He experienced problems with conducting the exposures since he was
unable to travel to Antarctica himself, and some plates were exposed next to diesel generators at
Scott Base and pollutants affected results. Exposures were later repeated at unpolluted Arrival
Heights that resulted in considerably less pitting of sample coupons.

Rievero et al. [26] used Mossbauer spectroscopy to study the corrosion products on low-alloy
steel exposed at a Uruguayan Antarctic island site (Artigas, 62° 10'S). The mean temperatures for the
coldest month, hottest month, and annual were respectively —6.4, 2.2, and -2.30C, and steel
corrosion rates (1 year) were 40-66 Jim/year (1.57-2.60 mil/year).

Rosales et al. [27] measured corrosion rates for steel, zinc, copper, and aluminum at Jubany, an
Argentinean Antarctic base. The TOW was directly measured using Pd/Ag electrodes on an alumina
substrate and compared with the ISO estimated TOW using climatic data. High corrosion rates were
measured for all metals (steel 1-year rates, 36-41 Jim/year) (1.42-1.61 mil/year) and measured TOW
(always higher than the ISO estimate) was 24 h/day continuously for 7 months of the year. The
minimum values in the coldest months (-30C) still gave a daily mean TOW of 6h. The authors
concluded that in the presence of marine salt, liquid water monolayers could form under ice layers
resulting in high corrosion rates at temperatures well below O0C.

G. CONCLUSIONS

Extensive evidence has now shown that atmospheric corrosion rates can be high in cold regions of
the world especially in proximity to the sea. Whereas very low corrosion rates can occur in cold
continental climates (especially inland Antarctica), in coastal regions the influence of chloride ion
from marine sea salt can enable liquid layers to form at temperatures well below O0C and corrosion
proceeds unimpeded. The ISO criterion for time of wetness based on air temperature is obviously
incorrect, and actual surface temperature in conjunction with the presence of chloride ion will
determine the rates of corrosion.
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