M) Check for updates

AUTHORS:

Darelle T. Janse van Rensburg'?
Lesley A. Cornish!

Josias van der Merwe'

AFFILIATIONS:

'School of Chemical and Metallurgical
Engineering and DST-NRF Centre

of Excellence in Strong Materials,
University of the Witwatersrand,
Johannesburg, South Africa

2Orytech (Pty) Ltd, Roodepoort,
South Africa

CORRESPONDENCE TO:
Darelle Janse van Rensburg

EMAIL:
darelle@orytech.co.za

DATES:

Received: 08 Apr. 2018
Revised: 25 Feb. 2019
Accepted: 11 Mar. 2019
Published: 30 July 2019

HOW TO CITE:

Janse van Rensburg DT, Cornish LA,
Van der Merwe J. Corrosion map of
South Africa’s macro atmosphere.

S AfrJ Sci. 2019;115(7/8), Art.
#4901, 8 pages. https://doi.
org/10.17159/sajs.2019/4901

ARTICLE INCLUDES:

Peer review
[ Supplementary material

DATA AVAILABILITY:

[ Open data set

[ All data included

[ On request from author(s)
Not available

[J Not applicable

EDITOR:
Tania Douglas

KEYWORDS:
atmospheric; inland; coastal;
mild steel

FUNDING:

Orytech (Pty) Ltd; South African
Department of Science and
Technology; National Research
Foundation (South Africa);
University of the Witwatersrand;
Hot Dip Galvanizers Association of
Southern Africa

© 2019. The Author(s). Published
under a Creative Commons
Attribution Licence.

Research Article

https://doi.org/10.17159/sajs.2019/4901

Corrosion map of South Africa’s macro atmosphere

The first atmospheric corrosion map of South Africa, produced by Callaghan in 1991, has become outdated,
because it primarily focuses on the corrosivity of coastal environments, with little differentiation given
concerning South Africa’s inland locations. To address this problem, a study was undertaken to develop
a new corrosion map of the country, with the emphasis placed on providing greater detail concerning
South Africa’s inland regions. Here we present this new corrosion map of South Africa’s macro atmosphere,
based on 12-month corrosion rates of mild steel at more than 100 sites throughout the country. Assimilations
and statistical analyses of the data (published, unpublished and new) show that the variability in the corrosion
rate of mild steel decreases significantly moving inland. Accordingly, the average first-year corrosion rate of
mild steel at the inland sites (at all corrosion monitoring spots located more than 30 km away from the ocean)
measured 2112 um/a [95% CI: 18-23 um/a]. The minimum inland figure was about 1.3 um/a (recorded
at Droérivier in the Central Karoo) and the maxima were approximately 51 um/a and 50 pumy/a in the industrial
hearts of Germiston (Gauteng) and Sasolburg (Free State), respectively. The variability in the corrosion rate
of mild steel also decreased by as much as 80% between 150 m and 1000 m from the coastline. Moreover,
the impact of changing altitude on the corrosivity of the environment was confirmed, particularly along the
coastal regions.

Significance:
*  Anew corrosion map of South Africa’s inland and coastal regions is presented.

¢ The map facilitates the identification of South Africa’s least to most corrosive environments; enabling
the selection of more appropriate corrosion protection solutions for general, business, mining and
industrial installations.

e In identifying South Africa’s least corrosive areas, the use of more environmentally friendly corrosion
protection procedures is potentially encouraged.

Introduction

The first atmospheric corrosion map of South Africa was published 28 years ago.! This map (Figure 1), referred to
as the Callaghan map, was developed based on the atmospheric corrosion monitoring results of studies conducted
during the 1970s to 1990s, at 11 sites, of which 60% were situated along the South African and Namibian coastlines.

Since its publication in 1991, the Callaghan map has undergone only minor adaptations.>” However, due to the lack of
differentiation of inland locations, overstatement of the corrosivity of environments, changes in international standards
regarding the measurement of corrosive atmospheres, increased industrialisation of South Africa’s large metropolitan
areas, global climate change effects, and improved mapping techniques,? this chart has become outdated.

Background

Corrosion maps are useful tools in many scientific and engineering fields, e.g. in research, design, construction,
maintenance, and operations, as well as from a public perspective. Corrosion maps are also advantageous in the sense
that they provide potential means to assess the effects of pollution® and climate change'" on communities, materials
and the environment.

According to The Worldwide Corrosion Authority (NACE)', the cost of corrosion in 2016 was estimated to be
USD2.5 trillion (about 3.4% of the global GDP). This average is based on the results of corrosion cost studies
conducted by the USA, India, Japan, Kuwait and United Kingdom. It is reported that about 15-35% of this cost can
be saved by using effective preventative measures. A similar study was also conducted in South Africa in 1986."
During the South African study — which covered the mining, power generation, shipping and transportation sectors —
corrosion protection preventative measures, metal losses and replacement costs were estimated at ZAR1 250 million/
annum or USD625 million/annum.'® This number was based on an exchange rate of approximately USD1:ZAR2 at the
time™, which amounted to about 5% of South Africa’s GDP.

In line with The World Bank’s'® 2017 numbers, South Africa’s GDP was given as USD348.9 billion (approximately
ZAR4 885 billion). By applying NACE’s 2016 figure of 3.4% of the global GDP as the cost of corrosion per annum, this
means that, currently, about ZAR166 billion is spent annually in South Africa in trying to combat or prevent corrosion
problems. Of this amount, atmospheric corrosion of coated and uncoated metal surfaces is viewed as a significant
contributor — more than 50% or ZAR83 billion.""®'7 Undoubtedly, the usefulness of corrosion maps to prevent or
manage corrosion problems is immense.

Historical overview of South Africa’s atmospheric corrosion data

Pre-1970, several small atmospheric corrosion monitoring studies were carried out in South Africa. The Council
for Scientific and Industrial Research (CSIR)'® and Callaghan' provided comprehensive overviews of these very
early exposure programmes. Post-1970 to the early 1990s, the first national exposure programme was conducted.
The initial work involved two 4-year exposure programmes, of which one included the exposure of a range of
metals and alloys'®, while the other involved metallic coatings on steel substrates at several sites throughout
South Africa.! However, because of shortcomings identified with these very early exposure studies, a 20-year
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exposure programme was initiated. This work was conducted at sites in
Cape Town, Port Elizabeth, Strandfontein, Pretoria, Sasolburg, False Bay,
Durban, Simonstown and East London in South Africa, and in Gobabeb
and Walvis Bay in Namibia, which culminated in the publication of the
first corrosion map of southern Africa (Figure 1).!
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Figure 1:  Atmospheric corrosion map of southern Africa — adapted
from the Callaghan 1991 map' and taken from Janse van

Rensburg (2010)".

From 1990 to 1993, Eskom Holdings SOC Limited, the leading electricity
producer in South Africa, henceforth referred to as ‘Eskom’, conducted
atmospheric corrosion research work along the eastern, southern and
western Cape coastlines.' Their study involved exposure to the corrosive
marine atmosphere of wire-on-bolt (CLIMAT) units, currently manufactured
according to ASTM G116:1999% procedures.

Simultaneously, Eskom launched a 5-year corrosion study relating to the
atmospheric corrosivity of sites in other areas along the South African
coastline, as well as in the southern and eastern Highveld regions.
This work, done by Nixon and Janse van Rensburg?-?, Colloby?* and
Northcott®, entailed the exposure of mild steel, copper, aluminium,
zinc, galvanised mild steel, stainless steel and 3CR12 panels to different
corrosive atmospheres. Changes in the electrical resistance of iron,
zinc, copper and aluminium were also investigated.?* The studies were
performed at locations near Melkbosstrand, Klienzee, Richards Bay, Kriel,
Sasolburg, Elandsfontein, Bethal (Palmer), Volksrust and Vanderbijlpark.

During 1991 to 1994, a 3-year project was launched by the CSIR in the
Eastern parts of the Gauteng Highveld region. This study was performed
in conjunction with Eskom at sites located at Pretoria, Grootpan (close to
Ogies), Elandsfontein and Verkykkop (in Volksrust).?'-2326 The purpose of
the CSIR research work, done by Gnoinski and Ramothlola, was mainly
to determine the effectiveness of a rapid method for the assessment of
atmospheric corrosion.?

Numerous atmospheric corrosion tests were also carried out by John E.
Leitch, over a period of more than 20 years.* His work was done mainly
on behalf of Hulett Aluminium (Pty) Ltd, the CSIR, Eskom, and other
interested parties. During earlier years, Leitch’s studies primarily involved
the exposure of wire-on-bolt units to different corrosive atmospheres — to

Research Article
https://doi.org/10.17159/sajs.2019/4901

Corrosion map of South Africa
Page 2 of 8

classify the atmospheres of sites using the CLIMAT (CLassify Industrial
and Marine ATmospheres) method.”” However, with the inception of a new
technique for the corrosion monitoring of atmospheric environments in
1992, for which the methodology is described in detail in ISO 922319922
and IS0 9226:1992%°, most of Leitch’s work in his later years was effected
in accordance with the open wire helix (zinc and aluminium) method®®.
Leitch’s studies culminated in the publication of an updated corrosion
map of South Africa in 19993, and again in 2003¢, with the latter chart
subsequently incorporated into SANS 1796:2013%.

The new maps were hailed in the sense that they represented the first
attempts by a South African researcher to classify the corrosivity of
atmospheric environments based on the ISO 9223 and ISO 9226
procedures.?”? Leitch employed the 1SO 9226:1992 open zinc and
aluminium wire helix technique at places such as Cape Town, Mossel Bay,
Port Elizabeth, Durban, Umhlanga Rocks and Richards Bay.*

In 2005, the Hot Dip Galvanizers Association of Southern Africa
(HDGASA)® also published an updated atmospheric corrosion map for
zinc (after the Callaghan map) based on the ISO 9223:1992 classification
system. Additional work worth mentioning is that of Vosloo of Eskom,
in partnership with Pietersen and Holtzhausen of the Stellenbosch
University.®" Their studies involved the development of an insulator
pollution severity application map for South Africa, which added to the
knowledge base relating to atmospheric pollution in South Africa. Calitz
and Potgieter® also conducted atmospheric corrosion studies of overhead
power transmission conductors at a marine site near Koeberg Nuclear
Power Station, situated along the Western Cape coastline.

The SAIAE (South African Institute of Agricultural Engineers) likewise
launched an 11-year atmospheric exposure programme on five diverse
agricultural wire types at seven sites in South Africa.®® Findings of this
work, dating back to December 1990, are currently still used to provide
recommendations regarding suitable fencing materials for different
corrosive environments. Materials tested included light galvanised, heavy
galvanised, aluminium coated, Galfan and 3CR12 wires, which were
exposed at Bathurst and Riviersonderend. Work in this field was also
conducted by R.J. Bronkhorst and K.L. Rodseth.3

Between 2005 and 2010, Janse van Rensburg® initiated one of the
most extensive atmospheric corrosion programmes in South Africa.
This study, performed on behalf of Eskom, involved the atmospheric
corrosion monitoring of 50 sites throughout South Africa — covering
both inland and coastal regions. Janse van Rensburg also conducted
smaller studies at other locations in the country. Moreover, during
2013 to 2017, a further study was undertaken that focused on the
development of a new corrosion map for South Africa,® also providing
greater detail concerning the atmospheric corrosivity of South Africa’s
inland industrial areas. This new South Africa atmospheric corrosion
map, based on assimilations and statistical analyses of the historical
published, unpublished and new 12-month corrosion rates of mild
(carbon) steel, as measured at different sites throughout South Africa, is
presented in this paper.

General methodology of historical and new

corrosion monitoring studies

In general, corrosion monitoring sites were established throughout
South Africa, covering industrial, marine, desert, urban and rural
environments. The methodology followed mainly involved the exposure
of mild steel (low carbon steel) coupons to the different environments
over a period of 12 months, after which weight-loss measurements of
the metal coupons were conducted. This was after chemical cleaning of
the metallic test coupons by conventional procedures, like ISO 9226,%35
followed by drying and reweighing of the test specimens. Subsequently,
the 12-month corrosion rate of each mild steel coupon was calculated
as per Equation 1.2%%

Corrosion rate of metal = Am
Atp

Equation 1

where: Am is the mass loss in grams (g); A is the exposed surface area
in m2; ¢ is the exposure time per annum; and p is the density of the metal
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(9/cmd). The corrosion rate (r,, ) is in um/a, and the density of the steel
was taken as 7.86 g/cm3.2%

The corrosivity of the atmosphere was classified successively based
on the 12-month corrosion rate of mild steel as per the ISO 9223:2012
rating scheme: C1 - very low (<1.3 um/a), C2 - Jow (<25 um/a),
C3 — moderate (<50 um/a), C4 — high (<80 um/a), C5 — very high
(<200 um/a) and CX — extreme (<700 umy/a) corrosive.* The corrosion
data were then processed into an atmospheric corrosion map of South
Africa using Esri ArcGIS 10.2, which is a geographical information system
(GIS) developing software programme. It is noteworthy that because of
the sensitive nature of some of the sites, not all the site names or detailed
corrosion data are given. Consequently, the results are presented as an
interpolated corrosivity map, for which legends are provided.

Regarding the latest corrosivity map, the interpolated vector data are
projected over physical and annual rainfall maps for South Africa,
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as supplied by Esri ArcGIS and the South African Weather Service.
Furthermore, select conventional map symbols are included to facilitate
ease of interpretation and widespread use of this map.

Results and discussion

The new atmospheric corrosion map for South Africa is presented in
Figure 2,% while the linked meteorological and corrosion data for some of
the sites are given in Table 1.

Assimilations, statistical analyses and interpolations of the 12-month
corrosion rates of mild steel for South Africa and the Highveld region,
based on the historical published, unpublished and new data, revealed
that the average first-year corrosion rate of mild steel at the inland sites
(at all corrosion monitoring spots located more than 30 km away from the
ocean) was about 21+12 um/a [95% CI: 18-23 um/a]. The minimum
inland measurement was about 1.3 um/a and was recorded at Drogrivier

Caveat: This map is issued for general information purposes only and does not consider any plant design, operational mode or site-specific pollution that can influence the cor-
rosivity of local atmospheres. The authors accept no responsibility for the use of this map.

Figure 2:  Atmospheric corrosion map of South Africa® (base maps provided by Esri — ArcGIS and the South African Weather Service).

Table 1:  Meteorological data and first-year corrosion rates of mild steel for select historical and new corrosion monitoring sites
Approximate average rainfall Approximate average Approximate average first-year
Site name per annum midday temperatures corrosion rate of mild steel References
(mm/a) (°C) (umy/a)

Bedford 390 17.8-27.8 12 7,37
Belfast 674 14.7-22.5 18 22,37
Cape Town - Ysterplaat 788 15.5-25.9 28 1,37
De Aar 196 16.0-30.3 2 7,37
Dealesville 357 17.0-30.0 7 7,37
Droérivier 160 16.8-30.9 1.3 7,37
Durban — Bayhead 759 22.2-27.4 66 1,37
Durban - Congella 759 22.2-27.4 122 1,37
Durban — Salisbury Island 759 22.2-27.4 134 1,37
Empangeni 948 23.0-29.0 58 7,37
Gariep 273 15.8-31.3 4 7,37
Germiston 601 16.5-26.1 51 7,37
Grabouw 990 15.0-24.8 20 7,37
Melkbosstrand 318 16.0-27.0 460 7,37
Mossel Bay 333 18.4-26.0 57 7,37
Oyster Bay 591 18.2-24.2 40 37

Sasolburg 550 17.0-27.9 50 7,37
Secunda 560 16.4-25.8 38 7,37
Vredendal 105 19.2-31.5 16 7,37
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in the Central Karoo, a hot semi-arid environment (Table 1 and Figure 3).
The maxima, of approximately 51 um/a and 50 um/a were recorded
in Germiston (Gauteng) and Sasolburg (Free State), respectively,” both
located in South Africa’s heavy industrialised Highveld and Vaal Triangle
areas, with average rainfall of approximately 550-600 mm/a.¥ It is
significant that these corrosion rates are outside the 5-40 um/a range
given in the Callaghan map for inland (arid, rural, urban and industrial
combined) environments.!
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‘ Semi arid plateau

Moderate coast

- Moderate eastern

plateau
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Figure 3:  Climatic regions of South Africa®®; note the climatic variations

along the coastlines.

Based on the assimilated results, the inland sites vary from low to
potentially highly corrosive, corresponding with the lowest limits given
in the 1SO 9223 standard for C2 and C4 corrosive environments, namely
1.3 um/a and 50 um/a, respectively.® This finding suggests that in the
desert and semi-arid (non-industrial) inland areas, with average low
rainfall (<400 mmy/a),*" the corrosivity of the environment is better rated
very low (C1) to low (C2) corrosive. Conversely, in inland areas with
an average rainfall of more than 400 mm/a,* the atmosphere is best
ranked fow (C2) to moderate (C3) corrosive, with a potential for high
(C4) corrosive ‘hotspots’, in and around heavy-industrial locations.

Concerning the coastal regions of South Africa, the average first-year
corrosion rate of mild steel exposed within the first 150 m from the high-
water mark, was 319+112 um/a [95% Cl: 215-422 um/a]. The minimum
value was about 134 um/a (recorded at Salisbury Island in Durban)' and
the maximum near 460 um/a (measured close to Melkbosstrand in the
Western Cape). This finding was despite the fact that the former site
exhibits higher rainfall than the latter locale (Table 1), and was attributed
to the increased surf action near Melkbosstrand compared to the
calmer sea and landscaped terrain of the Salisbury Island area.” These
findings concur with ISO 9223:2012 relating to the factors affecting the
deposition rate of chlorides along coastlines.® The data further suggest
that the atmosphere within the first 150 m from the shoreline can be
rated as extremely (CX) corrosive, as per ISO 9223.% However, as
shown by the high standard deviation, the variation in the corrosivity
of the atmosphere along the coastline is substantial and depends on
the surf action of the ocean, the altitude, topography, temperature and
onshore wind flow (i.e. speed and direction)."”

Regarding those sites which are located within 150-1000 m from the
shoreline, the average first-year (12-month) corrosion rate of mild
steel was 60+22 um/a [95% Cl: 45-75 um/a]. The lowest value was
about 40 um/a (at Oyster Bay in the Eastern Cape) and the highest was
approximately 122 umy/a (at Congella in Durban)', which is expected as
Oyster Bay exhibits lower rainfall and midday temperatures than Durban
(Table 1)¥. The above range is significantly lower than the 100-300 um/a
span given in the Callaghan map for the intertidal to 5-km zone along
South Africa’s coastline. It is also far less than the C5 (200-300 um/a)
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classification given in the HDGASA map.¢ Evidently, the 150-1000 m
zone along South Africa’s coastline is best classified mid-C4 (high) to
mid-C5 (very high) corrosive.

Of note is the near 80% reduction in variability in the corrosion rate of
mild steel for the 150—1000 m zone along the coastline, compared to
that of the first 150 m from the ocean, with a change in the standard
deviation from 112 um/a to 22 um/a (Figure 2). This decrease suggests
that the effects of airborne salts, altitude, topography and onshore wind
flow on the atmospheric corrosivity of the environment lessen when
moving inland. Janse van Rensburg® made a comprehensive study in
this regard. Doyle and Godard'®?” also reported an 80-85% decrease
in the corrosivity of the environment within the first 800 m from the
ocean in Durban and Port Elizabeth. Similarly, O’Donnell et al.* found
a ‘rapid’ change in the corrosivity of marine atmospheres, mainly from
1 km onwards.

The sharp decrease in the corrosivity of the environment within the
150-1000 mzone s likely attributable to the gravitational settling, turbulence
diffusion and momentum-dominated impact of the airborne salts® within
the first 150 m from the sea, causing lower levels of salts (chlorides) to
be deposited onto surfaces in the following 150-1000 m span. Denser
and more abundant vegetation next to the coast, as encountered along the
eastern coastline®, further encourages the deposition of aerosols within a
shorter distance from the ocean*. This dramatic change in the deposition
rate of salts in marine environments, particularly within 1 km from the
ocean, has also been demonstrated during other corrosion studies.*'

At 1-3 km from the ocean, the average first-year corrosion rate of mild
steel decreases further to about 43+14 umy/a [95% Cl: 28-58 umy/a],
suggesting significant stabilisation of the corrosivity of the environment
with increasing distance from the ocean. The minimum recorded value
was approximately 28 um/a (at Ysterplaat in Cape Town)' and the
maximum about 66 um/a (at the Durban Bayhead)'. Of significance
is that the former locale is situated to the west of Cape Town, and is
separated from the ocean by numerous houses, industrial plants and
office buildings. Conversely, the Durban Bayhead site is not only located
in a high rainfall, sub-tropical region (Table 1 and Figure 3), but is also
nearly encircled by the Durban Harbour, causing a further spike in the
local relative humidity levels, while the open sea is positioned close by to
the eastern side, resulting in an increase in airborne salt concentrations.

Regarding mild steel corrosion, the 1-3 km zone along the South African
coastline is best classified as moderate (C3) corrosive, which is
significantly overstated in the older maps. Concerning Callaghan’s map'
(Figure 1), the corrosion rate of mild steel in the ‘Intertidal to 5 km inland
mark’, is given as 100-300 um/a, whereas in the case of the HDGASA
map®, the ‘Exterior: industrial with high humidity or high salinity coastal’
region is given as varying between 80 um/a and 200 um/a.

The average first-year corrosion rate of mild steel at all sites located within
3-10 kmfromthe coastline, measured 37 =13 um/a [95% Cl: 27-47 um/a.
The lowest was about 20 um/a at Grabouw in the Western Cape (above
Sir Lowry’s Pass near Gordons Bay)” and the highest was approximately
57 um/a at Petro SA's Mossgas plant near Mossel Bay’. This finding is
irrespective of the fact that Grabouw is located in a higher rainfall region
than Mossel Bay (Table 1) — the lower corrosivity of the former site being
attrbuted to its elevation of approximately 265 m above sea level,* whereas
the latter exposure site is located at a much lower altitude, thus being
more exposed to the salt-laden winds from the ocean. Hernandez et al.*®
and Del Angel et al.* similarly found that altitude plays a significant role
in marine corrosion. The overall results also suggest a decrease in the
average corrosivity of the atmosphere by approximately 6 um/a (from
about 43 um/a to 37 umy/a), between the 3 km and 10 km marks, with an
additional ~1% stabilisation of the corrosivity of the atmosphere. Typically,
this zone may be classified as moderate (C3) corrosive.

Regarding the 10-30 km region, the average first-year corrosion rate of
mild steel measured 3514 um/a [95% Cl: 22-48 um/a], suggesting
a further ~1% decrease in the average corrosivity of the atmosphere.
Correspondingly, this zone along South Africa’s coastline is best
classified as moderate (C3) corrosive. The minimum recorded value

Volume 115| Number 7/8
July/August 2019


https://doi.org/10.17159/sajs.2019/4901
www.sajs.co.za

was approximately 16 umy/a at Vredendal in the Western Cape’ and the
highest was about 58 um/a at a site in Empangeni (KwaZulu-Natal)’.
Noteworthy is the significant difference in the corrosivity of these two
sites, which can be ascribed to their unique meteorological conditions
(Table 1 and Figure 3), with Vredendal in a hot semi-desert environment
and Empangeni in a high-rainfall, sub-tropical region.

The apparent slowdown of further stabilisation of the corrosivity of
the environment is of note, and implies that, from approximately 30 km
onwards, windborne marine salts are no longer the dominant force
driving the atmospheric corrosion process. This demarcation line was
also identified by Callaghan in 1991." However, the coefficient of variation
of the average corrosion rate of mild steel remained high at nearly 40%.
Congruently, studies in other countries showed that sea salts may still affect
atmospheric corrosion more than 50 km* to 1400 km*® from the ocean.

Of further importance is the emerging trend that test sites located along the
eastern coast (particularly along the KwaZulu-Natal seashore) are inclined
to higher corrosivity, at the same distance range from the ocean, compared
to sites located next to the Western and Eastern Cape ocean fronts.
This tendency appears to be valid for the 150-1000 m, 1-3 km, 3-10 km,
and 10-30 km ranges from the sea. It is just below the 150-m mark that
the corrosivity of the atmosphere along the Western Cape coast appears
higher in comparison with the Eastern Cape and KwaZulu-Natal shorelines.

The above alteration in the corrosivity of the environment next to
the South African coastline is mainly attributable to the varying
meteorological (Table 1 and Figure 3), physical (Figure 2) and biome
conditions. Concurring with Winter et al.’s* climatic regions, the
Northern Cape coastline, i.e. from the mouth of the Orange River to
Lamberts Bay, is classified as Desert, the Western Cape coast from
Lamberts Bay to the mouth of the Breé River as Mediterranean, from
the Breé River to Port Elizabeth as Moderate Marine, and the northern
parts of the Eastern Cape coastline, i.e. from Port Elizabeth to northern
KwaZulu-Natal, as Sub-tropical (Figure 3).* Cole et al.*® state that
marine aerosol transport is likely to be favoured in dry environments that
exhibit reduced rainfall and low ground coverage, like in the Northern
and Western Cape, than in more humid and higher rainfall climates with
forest cover. The change in the corrosivity of the atmosphere, as a result
of increasing temperatures, rainfall and relative humidity (moving from
the western to eastern parts of South Africa), is partly reflected in the
Callaghan' and Leitch® maps but is absent in the HDGASA® chart.

The higher corrosion rate of mild steel below the 150-m mark (along
the Western Cape shoreline) may in all likelihood be ascribed to the
presence of smaller dunes and shrubbery, called fynbos.*° Fynbos offers
less shielding against sea sand and spray, which is whipped up by the
high winds from the ocean and dunes, and deposited onto surfaces.
Conversely, along the Eastern and KwaZulu-Natal coastlines, the larger
and broader leafy sub-tropical plants® provide better protection against
windborne salts. The presence of lingering mist banks (due to the cold
Benguela current), reduced rainfall (no washing effect) and prevailing
strong onshore winds (southeaster primarily along the Western Cape, as
well as parts of the Eastern Cape coastlines), also play important roles
in the corrosivity of this region."®%" Nixon and Janse van Rensburg?'
reported that along the Northern and Western Cape coastlines, the
highest atmospheric corrosivity is typically measured during winter,
from about March to September, which corresponds with this region’s
rainy season. Conversely, next to the eastern coastline, the highest
atmospheric corrosion rates are primarily measured during summer.”

Just below the Great South African Escarpment, the average corrosivity
of the environment in the Western and Eastern Cape measured
7+6 um/a [95% Cl: 0-20 umy/a], with a minimum of about 1.3 yum/a at
Droérivier and a maximum of near 12 um/a at Bedford,” corresponding
with the difference in the rainfall figures for these locations (Table 1).
Moving further inland from the low-lying zones of the Northern, Eastern
and Western Cape coastlines, above the Great South African Escarpment
(onto the Central Plateau), the conditions change to a desert/semi-desert
plateau (the Kalahari Desert and the Karoo). In this region, the corrosion
rate of mild steel measured close to 2 um/a (at De Aar) and near 4 um/a
at Gariep,” averaging 3+1 um/a. This region is best classified as
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low (C2) corrosive, due to the hot arid conditions. From thereon, the
corrosivity of the environment increases slightly towards the Free State,
measuring approximately 7 um/a at Dealesville,” close to Bloemfontein,
with an approximate average precipitation of 390 mmy/a (Table 1).

Of significance is that the Kalahari, Karoo and the Free State Province are
also known for their salt pans and dry riverbeds. As a result, salt-laden
soil that is swept up by the wind and deposited onto metal surfaces may
encourage corrosion to take place at lower relative humidity. It can also
increase the time of wetness, whichiis of relevance when considering that the
Kalahari Desert and the Karoo experience the highest percentage changes
in average rainfall in South Africa, i.e. 26-50%.%” These regions also display
the hottest summers and highest solar irradiation levels in the country.52%
Consequently, the variability in the corrosivity of the environment is high.
Moreover, studies conducted by Sun et al.>* demonstrated that soluble salt
in surface desert soil might sufficiently lower the relative humidity at which
corrosion current density suddenly increases.

From the KwaZulu-Natal coastline towards Gauteng, the change in
corrosivity of the atmosphere below and above the Great Escarpment
is apparently less extreme compared to that of the Northern, Eastern
and Western Cape Provinces (Figure 2). This reduction is likely as the
environment changes from a sub-tropical coastal to a moderate, sub-
tropical rising rocky (escarpment) terrain that exhibits cold, snowy
winters, with hot, rainy summers.#% The change is also observed in
Figure 3,% which presents the different climatic regions in South Africa.

Proceeding through the lower parts of Mpumalanga, the landscape
changes to a temperate Highveld region,® classified as moderately
(C3) corrosive. In this section of Mpumalanga, the average first-year
corrosion rate of mild steel measured 29+ 6 um/a [95% Cl: 25-32 um/a],
suggesting an approximate 26% reduction in the corrosivity of the
environment from Empangeni (located in the lowland between the Great
Escarpment and the KwaZulu-Natal coastline) towards Ogies, positioned
on the Eastern Highveld, likely because of changes in annual precipitation
levels (Table 1). The maximum recorded value was near 38 um/a
(at Secunda) and the minimum about 18 um/a (approximately 20 km
north of Belfast).% The increased corrosivity of Secunda and Emalahleni
(Witbank) may be ascribed to the fact that these areas are some of the
most polluted regions in South Africa, due to the presence of a large
petrochemical plant (Sasol Synfuels), 11 coal-fired power stations and
numerous open-cast coal mines.

Shifting towards the North West, Limpopo and Gauteng Provinces, the
corrosivity of the environment decreases further. In the case of Gauteng
and closely surrounding areas, the average first-year corrosion rate of
mild steel measured 25+12 um/a [95% Cl: 19-32 um/a] (C2), falling
to approximately 12+5 um/a [95% Cl: 9-16 um/a] (C2) towards the
Limpopo River (Zimbabwe) and Botswana border, mainly due to a
reduction in precipitation levels.

A graphic representation of the first-year corrosion rates of mild steel,
measured at all the corrosion monitoring sites, versus their approximate
distances from the ocean, is presented in Figure 4. Based on the plot,
the macro corrosive atmosphere of South Africa stabilises, meaningfully,
moving inland, with the corrosive effects of coastal environments being
inversely related to their distance from the ocean, with an R?-value of
about 0.5 and Pearson product-moment correlation (PPMC) coefficient
(Equation 2) of around -0.4, significant at p<0.05. Similar graphs have
also been reported for sea-salt transport, deposition and corrosion
along other coastlines*%7:%¢ — all displaying a significant decrease in the
corrosivity of the marine environment within 1-2 km from the ocean.

The formula for the PPMC coefficient, r, is:
_ 2(-X(-y)
V22?3 (-7

where x and y present the data points, and x and y means the averages
for array1 and array2, respectively.*®

Equation 2
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In contrast, Figure 5 gives the first-year corrosion rates of mild steel,
measured at all the corrosion monitoring sites versus their relative altitudes
in metres. According to the graph, the corrosivity of South Africa’s
atmosphere is also slight to moderately negative related to elevation,
exhibiting a PPMC coefficient of -0.4, which is significant at p<0.05.
The impact of altitude on the corrosivity of the environment is of particular
relevance to the coastal and inland industrial areas of the country.

In the sub-tropical Lowveld and semi-desert Karoo regions, with altitude
ranges of 500-1000 m, atmospheric corrosivity is notably lower. However,
this decrease is because of climatic rather than altitude variations. The
differences in the 12-month corrosion rates of mild steel at some of the
sites, in contrast with altitude, are also presented in Figure 6.

At central inland locations (Figure 6), it is indicated that atmospheric
corrosion is no longer driven by chlorides in the air, but rather by
the time of wetness, temperature, pollution (SO, and NO_ gases),
the wind, and the positioning of the metal substrate above ground
level.? This observation may also apply to regions in and around the
central inland and metropolitan areas of South Africa, e.g. the Greater
Johannesburg Metropolitan Area, where it has been shownthat localised
mining, industrial activity, transport and vegetation play essential roles in
the elevation of the corrosivity levels of the atmosphere.®

Conclusions

Corrosion maps provide valuable information relating to the degradation
of metals and alloys in varying atmospheres. Studies on South Africa’s
macro atmosphere date back as far as 1947, with the scopes of the
more recent studies, i.e. those between the mid-1990s and 2018,
being significantly broadened to enable the use of the internationally
recognised ISO 9223 corrosivity classification system.

Based on assimilated historical (published and unpublished) and new
atmospheric corrosion data for South Africa, the atmosphere within
the first 150 m from the ocean is classified as extreme (CX) corrosive.
Between the 150 m and 1000 m marks, the environment is rated mid-C4
(high) to mid-C5 (very high) corrosive, from 1 km to 30 km moderate
(C3) to high (C4) corrosive, and for most inland locations, low (C2) to
potentially high (C4) corrosive. The highest atmospheric corrosivity is
typically measured in the Western Cape, within 150 m from the ocean,
and the lowest in the Karoo and the Kalahari Desert.

The variability in the corrosion rate of mild steel was found to decrease
by as much as 80% between 150 m and 1000 m from the coastline,
which supports the general understanding that the effects of chloride
deposition, changing altitude, topography, and onshore wind flow (speed
and direction), become less prominent in terms of the atmospheric
corrosivity of the environment moving inland.
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