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Abstract

Corrosion is defined as the deterioration of materials due to the reaction with its
environment. According to the physical nature of environment, corrosion can be
categorized as 'corrosion in atmosphere', 'corrosion in water', 'corrosion in sea,
'corrosion in soil' etc. Among them, corrosion of steel in atmosphere is identified as one
of most important type of corrosion. Because studies show that corrosion cost of a
country may vary between 1 to5% of their GDP and about one half of that cost is due to
atmospheric corrosion.

Corrosion problem cannot be completely eliminated but it is possible to control by
methods known as 'corrosion management systems'. Corrosion model is a one of the best
tool that can be used for atmospheric corrosion management. Use of a corrosion model
as a tool for corrosion prevention is the common practice in many other countries, but
using this method is not a popular practice in Sri Lanka due to non availability of such
model. Therefore, this project was carried out for the formulation of an atmospheric
corrosion model that can be applicable in Sri Lankan atmosphere.

For this purpose, by reviewing internationally published literature a model structure was
proposed. Then field exposure programs were conducted to obtain data required for
model calibration. The model was calibrated with the obtained data and test has been
done for goodness of fit and the model shows considerably acceptable goodness of fit
with more than 80% of data are within the +10% deviation from actual value. Finally, a
completely different set of samples were placed in different locations and data gathered
were used to find out the validity and forecasting capability of the model,. The model
shows a good performance in forecasting capability with acceptable deviations.

Keywords: Prediction of Corrosion, Atmospheric Corrosion, Carbon Steel Corrosion
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1. INTRODUCTION

Corrosion is commonly known as the deterioration or loss of functions of materials
due to the reaction with its environment. Always materials differently interact with
different environmental conditions and these interactions will negatively affect the
materials’ usefulness [1]. This means that operational environment is the one of most
important factor that determines the corrosive nature of a material.

According to the physical nature of the environment, corrosion can be classified as
corrosion in atmosphere, corrosion in water, corrosion in sea, corrosion in soil etc.
Among them, corrosion of steel in atmosphere can be considered as one of the most
important type of corrosion Because studies show that corrosion cost of a country may
vary between 1 to5% of their GDP and it is a well known factor that about one half of that
cost is due to the corrosion of steel in the atmosphere [2].Mainly these corrosion cost
has been calculated on the basis of financial loss and the actual cost to the society is
much more than the calculated amount, Sometimes corrosion can be considered as a
kind of a natural disaster. Similar to the other natural disasters such as severe weather
disturbances, earth quarks, landslides etc., corrosion damage can affect everything
from land vehicles, ships, aircrafts, pipe lines, and metallic structures even home
appliances.

Unlike weather-related disasters, corrosion has advantage that corrosion is
predictable and quantifiable. Therefore, although corrosion damage cannot be
eliminated it is possible to minimize by having corrosion preventive strategies which

is known as 'Corrosion Management'.

For an effective implementation of corrosion management strategy, it is required to
identify the corrosive nature (aggressiveness) of the service environment of a
material or a component. Therefore, for this purpose availability of method to
identify the environmental corrosivity help for the timely implementation of
corrosion prevention method. A wide Varity of methods are available for the

determination of environmental corrosivity and among them environmental



classification method, corrosion map, corrosion modeling are some of commonly
used methods. Corrosion modeling is predicting or indirect measuring of corrosivity
with the aid of equation which has relation between corrosivity and atmospheric
factors which effect the corrosion process. Models of material degradation processes
have been developed worldwide for a multitude of situations using many varieties of
methodologies [4, 5, 6, 7, 8, 9, 10, 11, 12, 13,14, and 15]. For Scientists and
Engineers who are involving in corrosion technology, those models have become an
essential tool for the selection and life prediction associated with the introduction of
new materials or processes. In fact, models are, in this context, should be an accepted

method of representing current understandings of reality.

When the infrastructure development in Sri Lanka is considered,  there was an
increase in use of steel for the construction of bridges, towers, power plants etc.
When steel is used as a construction material in normal atmosphere it is a good
practice to have a corrosion management plan throughout its lifetime. For these
purposes several environmental assessments were conducted in local regions for
specific purposes since there was no readily available data or method for
environmental assessment. Therefore, in future, availability of methods for
environmental corrosivity assessment will be a great advantage for the design and
maintenance of metallic structures. Therefore, this project was started with the
intension of developing a corrosion model as a corrosivity assessment tool that can

be used to assess the corrosivity level of atmospheres in different areas in Sri Lanka.

It is well known fact that the consituents in atmosphere and climatic conditions are
directly effect the atmospheric corrosivity. Among them climatic factors like
Relative Humidity (RH), Rain Fall (RF) Temperature (T), and atmospheric
constituents such as Sulphur compounds (SOx), Salinity (Cl), Time of Wetness
(TOW) are considered as main factors and the presence of air born particles, nitrogen
compounds (NOx),0zone concentration, Carbon Dioxide etc, are also have some
minor effect on corrosivity[3]. This means that there is a relationship between above-

mentioned atmospheric variables and corrosivity and there is a possibility to find out



an equation or model for determination of the corrosivity level as dependent variable

and other atmospheric factors as independent variables.

This report gives details of the project carried out to develop an equation for
atmospheric corrosion which can be used for the prediction of atmospheric corrosion
of low carbon steel in Sri Lankan atmosphere. This research project involves firstly
an comprehensive study of the previously developed models and their approaches to
find out a suitable method for Sri Lankan condition and a new model structure was
proposed referring to the well known 'Power Equation'. The constants of power
equation are functions of atmospheric variables such as Temperature, Relative
Humidity, and Salinity etc.

Secondly, field exposure tests were conducted in different areas of the countries and
data gathered from those exposure tests were fitted to the model structure using
computer based mathematical iteration process based on the theory 'Minimizing
Percentage Least Square'. Finally, the goodness of fit of the data has been determined
and then the proposed model was validated using a different set of data obtained by

placing steel samples in different three locations in Sri Lanka..



2. LITERATURE SURVEY

2.1 Methods use to identify corrosive atmospheres.
This chapter describes the different type of techniques use for the determination
of corrosive nature  of atmosphere such as environmental classification

method, corrosion mapping and corrosion modeling.

2.1.1 Environmental classification method.
According to the atmospheric constituents the atmosphere has been categorized
in to different groups. The European standard and ISO standards classifications
are two examples.

2.1.1.1 European standard classification
The European standard EN 12500-2000 [16] defines five categories of outdoor
environment namely,

(a) Rural atmosphere: countryside and small towns, minor contamination of
corrosive agents (carbon dioxide, chlorides, artificial fertilizers).

(b) Urban atmosphere: densely populated areas, few industrial activities,
medium contamination of corrosive agents (sulfur dioxides).

(¢) Industrial atmosphere: intensive industrial activities, high corrosive agent
contamination (sulfur dioxides).

(d) Marine atmosphere: areas close to the sea, or internal zones strongly affected
by airborne salinity. Corrosion effects are influenced by topographic
conditions, prevailing wind direction.

(e) Marine Industrial atmosphere: complex environment, areas close to both the
sea and industrial districts, or internal zones located in the prevalent wind
direction, Medium and/ or high corrosive agent contamination (sulfur
dioxides, chlorides). Due to its simplicity this has been the most commonly
used method to classify the corrosive environment but the main drawback of

this method is there is no clear boundary to distinguish each environment.



2.1.1.2 ISO Classification of atmospheric corrosivity

A classification method has been introduced by International Standard Organization
to assess the atmospheric corrosivity based on atmospheric variables. The methods
given in the standards describe to determine each of variables and respective rate of
corrosion. These variables and corrosive atmospheres are categorized in different

groups [17, 18, and 19].

(a) The classification of corrosive environments is present in Table 2.1.

(b) Categorization of sulphur dioxide and chloride according to their deposition
rate Table 2.2.

(c) Time of wetness (TOW) in Table 2.3. TOW is defined as the time duration of
relative humidity is more than 80 % and the temperature is higher than the
0°C[1].

(d) Following the categorization of these three key variables, the applicable ISO
rate of corrosion (g/m”.year) can be determined using the ISO chart (Table

2.4.).

As an example in a particular atmospheric condition with sulphur dioxide deposition
rate of 11-35 mg/m’.day (P, in Table 2.2) and chloride deposition rate of 61-300
mg/m”.day (S, in Table 2.3) with a time of wetness category (T4 in Table 1.3) the
metal steel comes under corrosion category C4 (Table 2.1) which corrode with the
rate of 401-650 g/m’.year The table 2.5 shows relevant standards for this

classification and measurements for rate of corrosion.

Although the ISO methodology represents a simple approach to corrosivity
classification it has considered only three atmospheric variables, sulphur dioxide
deposition rate chloride deposition rate and time of wetness (TOW). Therefore, it is
limited in its accuracy and precision. Since the atmospheric parameters determining

the corrosivity classification do not include the effects of potentially important



corrosive pollutants and impurities such as nitrogen compound, hydrogen sulfide,

carbon dioxide, as well as temperature, rainfall, wind speed etc..

Table 2.1: ISO Classification of corrosion rate after one year exposure predicted for

different corrosivity classes

Steel, Copper, Aluminum, Zine,
Corrosion category g/m?-year g'm?-year g/m?-year g'm?-year
c =10 =0.9 Negligible =0.7
Cs 11-200 0.9-5 =0.6 0.7-5
Cy 201400 5-12 0.6-2 5-15
Cy 401-650 12-25 2-5 1530
Cs 651-1500 256-560 5-10 30-60

Table 2.2: ISO Classification of sulfur dioxide and chloride

Sulfur dioxide

Sulfur dioxide deposition rate, Chloride Chloride deposition rate,
category mg/m?-day category mg/m?-day
Py =10 Sp =3
Py 11-35 S1 4-60
P, 36-80 S, 61-300
P, 81-200 S, 301-1500

Table 2.3: ISO Classification of time of wetness

Time of wetness, Time of wetness, Examples of
Wetness category % hours per year environments
T, <0.1 <10 Indoor with
climatic control
Ts 0.1-3 10-250 Indoor without
climatic control
T 3-30 250-2500 Outdoor in dry, cold
climates
T 30-60 2500-5500 Outdoor in other
climates
Ts =60 > 5500 Damp climates




Table 2.4: ISO Classification of corrosivity and pollutions levels

TOW Cl™ 50, Steel Cu and Zn Al
Tl Su or Sl Pl 1 1 1
Pa 1 1 1
Py 1-2 1 1
Sa Py 1 1 2
Pg 1 1 2
Py 1-2 1-2 23
Sa P, 1-2 1 2
Py 1-2 1-2 2-3
P 2 2 3
Ts Spor 5, Py 1 1 1
Py 1-2 1-2 1-2
Py P) 2 3 4
Sy P 2 1-2 2-3
Py 23 2 34
Py 3 3 +
Sa P 34 3 4
Py 3.4 3 4
Ps 4 34 4
Ty Spor 31 P1 2-3 3 3
34 3 3
4 3 -4
34 3 3—4
34 34 4
4-5 34 4-5
4 34 4
4-5 4 45
5 4 5
3 3 3
4 -4 34
5 45 4-5
> 4 ! -4
4 4 4
5 5 5
5 5 5
5 i 5
5 5 5
34 34 4
4-5 4-5 4-5
5 5 5
5 5 5
5 5 5
5 5 5
5 5 5
5 5 5
5 5 5

Numerical 1,2,3,4 & 5 shown in table 2.4 represent the corrosivity categories Cy,

C,, G5, C4 & Cs respectively.



Table 2.5: Relevant ISO standard for atmospheric corrosion

Standard Title

ISO 9223: 1992 Corrosivity of atmospheres — Classification

ISO 9224:1992 Corrosivity of atmospheres - Guiding values for the
Corrosivity categories

ISO 9225:1992 Corrosivity of atmospheres - Measurement of pollution

ISO 9226:1992 Determination of corrosion rate of standard specimens

ISO 8407: 1991 Corrosion of metals and alloys - Removal of corrosion
products from corrosion test specimens

2.1.1.3 Environmental Severity Index (ESI)

Environmental severity index which is based on atmospheric parameters has been
developed by Michigan state university of USA for the maintenance management of
aircraft structures. A Corrosion Damage Algorithm (CDA) has been proposed as a
guide for anticipating extent of corrosion damage for planning maintenance
operations. This classification scheme was developed primarily for uncoated
aluminum, steel, titanium, and magnesium alloys exposed to the external atmosphere
at ground level and it is applicable for other metals with appropriate modifications.
The CDA algorithm is presented in Fig.1 and considers the distance to sea, leading
either to the very severe “AA” rating for close distance to seashore or a consideration
of moisture factors. Following the moisture factors, pollutant concentrations are
compared with values of working environmental Corrosion Standards (WECS). For
example, a severe A rating would be given if any of the three pollutants considered
in this scheme, that is, sulfur dioxide, total suspended particles (TSP), and ozone
levels, would exceed the WECS values in combination with a high moisture factor.
Considering the simplicity of the algorithms and simplifying assumptions in

obtaining relevant environmental and maintenance data, the environmental



corrosivity predicted from the CDA algorithm, was considered to be reasonable.
However in this case also it is limited in its accuracy and precision since it has not

considered other atmospheric parameters that determine the rate of corrosion.

Subsequent attempts to enhance the CDA algorithm using the results obtained from
broad based corrosion testing programs have failed to provide enough differentiation

between moderately corrosive environments. [20]

=125 emiyr = 125 cm/yr

> 43 pgm=2

=61 ugm™

=36 ugm
N N
(B e (A )
N v

c | (B
- N
Expected corroslon damage
AA Very Severe B Moderate
A Severe c  Mild

Figure 2.1: The CDA algorithm for determining the corrosion severity for a given

location



2.1.2 Corrosion mapping

Corrosion map is a powerful tools use in the field of Corrosion Engineering. A
diagram that shows regional corrosion behavior is called as a corrosion map and it
helps to understand the period of maintenance of major structures and measures to

prevent corrosion.

Development of a corrosion map can be done with direct measurement of corrosion
loss (rate of corrosion) by exposure test and prediction of corrosivity by atmospheric
variables. Exposure of standard metal specimens at a grid of sites and the generation
of computer contoured corrosion maps has been shown to be a sensitive and cost-
effective means of differentiating geographical variations in corrosivity, which is a
measure of the aggressiveness of the environment [21]. Various countries have
already developed their corrosion maps. Few examples are shown in Japan (Figure 2)

Mexico (Figure 3) India (Figure 4).

W Extremely severe Sapporo

I Severe
[ Moderate
] Mild

[1 Negligible

Sendai

A
Kilakyushu’ ;3
o ® )

«!

Figure 2.2 - Corrosion map of Japan
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[ Extremely Severe
B severe
] Moderate
Mild

[] Negligible

Figure 2.3 - Corrosion map of Mexico

Figure 2.4 - Corrosion map of India
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2.1.3 Corrosion modeling

Models of materials degradation processes have been developed for a multitude of
situations using a great variety of methodologies. For Scientists and Engineers who
are developing materials, models have become an essential benchmarking element
for the selection and life prediction associated with the introduction of new materials
or processes. In fact, models are, in this context, an accepted method of representing
current understandings of reality. Traditional models can be divided into two main

categories.

(1) Mathematical or theoretical models.

(2) Statistical or empirical models.

Mathematical models have the common characteristic that the response and predictor
variables are assumed to be free of specification error and measurement uncertainty.
Statistical models, on the other hand, are derived from data that are subject to various
types of specification, observation, experimental, and/or measurement errors. In
general terms, mathematical models can guide investigations, and statistical models

are used to represent the results of these investigations.

2.2 Reviewing of existing models
In 1968, Guttman and Sereda [6] proposed a model for corrosion loss. This was a
most primary level corrosion model expressed as follows.

k= 0.16 TOW°7(S0, + 1.78) 2)

Where:
k : Corrosion loss (g/m’. month)
TOW : Time of wetness (hours)

SO,: Sulphur deposition rate in (mg/m’.day)

12



In 1974, Haynie and Uphan [7] developed a model which describes the “Corrosion

Depth” in terms of sulphur deposition rate and percentage of relative humidity.

K = 325¢05¢(00275502~(7 ) 3)

Where:

K : Depth of Corrosion ( um)

RH : Percentage relative humidity

SO,: Sulphur deposition rate in (mg/m’.day)

t : time (year)

In 1980, Hakkarainen and Yladaari [8] developed a model to describe the corrosion
depth (K in pm) as a function of time of wetness (TOW in hours) and sulphur
dioxide (SO, in mg/m*.day ).

K = 1.17TOW®5(S0, + 0.048) (4)

In 1984, Knotkova et.al. [9] developed a model to describe the corrosion depth (K,
pum) as a function of the time of wetness (TOW), Sulphur dioxide deposition rate
(SO,), Chloride deposition rate (Cal).

K = 1.327 + 0.4313S0, + 0.005TOW + 0.138Cl &)

In the corrosion model shown in equation 4 and 5, the corrosion loss was estimated
as a function of time of wetness (TOW) and Sulphur dioxide (SO,) deposition rate.
The main disadvantage of these models is it could not be useful for the prediction of
service life of a steel structure because this equation do not contain any component

of time factor.

13



Japanese scientists analyzed the corrosion rate of carbon steel for one year in 43

exposure sites [ 10]. They have developed equations for each atmospheric condition.

(a) In urban or industrial sites,
Corrosion rate (mdd) = 4.15+0.88xT (°C)-0.073xRH  (%)—0.032xrainfall
(mm/month)
+2.913x[Cal](x10°)+4.921x[SO,] (mdd). (6)

Where : mdd: mg per square decimeter per day

(b) In marine atmosphere,

Corrosion rate (mdd) = 5.61+2.754x[Cal J(x10°%)+6.155x[SO,] (mdd). (7)

The corrosion model shown in equations 6 calculate the corrosion loss as a function
of relative humidity, rain fall, salinity and sulphur dioxide. In this model when the
RH becomes zero there is a value for corrosion rate but in real practice moisture
(relative humidity) is the essential factor for the occurrence of electrochemical
reaction and in absence of moisture there is no corrosion, but this model has failed to

represent this phenomenon.

Equation 6.and 7 calculates corrosion loss as a function of chlorides, relative
humidity, time of wetness, and sulphur dioxide. According to the equation the
corrosion loss has a constant value even if all of environmental parameters equal to
zero. Therefore this model structure is not an accurate representation of the corrosion

process.

A model has been developed by International Cooperative Program ICP group
(Equation 8, 9, 10and 11) with the aim to generalize the corrosion loss over time
period for different environments, reporting the climate and pollutants variables as
independent factors. These functions have been formulated for different metallic
materials and are based on both long-term exposures and trend analysis based on
repeated one-year measurements of exposure. The degradation of metal over time is

expressed by means of mass loss (ML) as a function of climatic parameters (RH; T),

14



gaseous pollutants (SO, O3) and precipitation parameters (Rain, H" Cal’) reported as

fallows [11].

(a) Weathering Steel

ML= 34[SO,]"**exp{0.020Rh+ f(T)}"*’ (8)
(b) Zinc
ML=1.4[S02]"*?exp{0.018Rh+ f(T)}t*** + 0.029Rain[H+]t 9)

(c) Aluminum

ML = 0.0021[S02]°*.Rh exp{f(T)}t'* + 0.000023Rain[Cal ]t
(10)

(d) Copper
ML=0.0027[S02]°**[03]*""Rh exp {f(T)}t"”® + 0.050Rain[H+]t"™
(11)

Where:

ML:  Mass loss [g/m2],

t: Exposure time (years),
Rh:  Relative humidity (%),

T: average annual temperature (°C),

f(T) = a(T — 10) when T< 10 °C, otherwise f(T) =b (T — 10),

a, b being constant values depending on the specific metal,
SO,: Sulfur dioxide concentration (pg/m3),

O3: ozone concentration (pg/m3);

Rain: Average annual rainfall precipitation (mm),

H': hydrogen ion concentration in precipitation (mg/L),

Cal: Chloride ion concentration in precipitation (mg/L).

15



The model shown in equation 8 calculate the corrosion loss as a function of sulphur ,
relative humidity and temperature although this model is applicable for weathering
steel, this is not applicable for general structural steels due to there is no effect of
chloride on corrosion rate of steel.

Field exposure test conducted by a research group in Brazil [12] obtained values for
parameter n and k of Power law C=kt" (Table 2.6) with the following equations.
This model is a primary version of power model and it can be applicable only for the

location where the field exposure was conducted.

dc

- = nkt™1
(12)
dc dac
n=1+0477[log (;)2 —log (E)l]
(13)
_1dc
k=G0
(14)

dc, ,dc :
Where (E)l’ (E)Z represent the first year and second year corrosion losses

respectively.

Table 2.6 - Values of n and k

Low carbon steel Copper Aluminium
location n k n k n k
1 1.55 71.25 0.72 8.43 0.58 1.12
2 0.86 22.13 1.12 2.88 1.02 0.17

Research project conducted by group of Iberoamerican presented an Artificial Neural
Network (ANN)-based solution methodology for modeling atmospheric corrosion
processes from observed experimental values, and an ANN model developed using

the cited methodology for the prediction of the corrosion rate of carbon steel in the

16



context of the Iberoamerican Corrosion Map (MICAT) Project, [5] which includes
seventy-two test sites in fourteen countries throughout Iberoamerica. Classical
regression model also developed in the context of this study,

In this model when there is no presence of chloride and sulphur compounds the

corrosion loss becomes constant.
Fe = by+Cl'(b;+b,.P+bs.RH)+bs. TOW.SO, (15)
With by=6.8124, b1=1.6907, b,=0.0004, b3=0.0242, and bs=2.2817.

Where:

Fe: Depth of corrosion (um/month)

Cal : Chloride deposition rate (mg/m’.day)
SO,: Sulphur deposition rate (mg/m”.day)

In the year 2007 by Dawn E Klinsmith develop a corrosion model by addressing the

many of the problems mentioned above

v = ae? (220)" (14+222) (142" g
c E G
(16)

In this model fallowing features of corrosion is described. It is well known fact that
the rate of corrosion is increased by atmospheric salinity and sulphur compounds,
but in absence of moisture in atmospere there is no effect of chloride or sulphur on
corrosion rate. Therefore this phenominon was described by including this model.
The corrosion can occur in absence of chloride or sulphur therefore to express this
phenomina a separate TOW component was added in to the model. The temperature
has effect on overall rate of corrosion. Therefore the temperaute component was also
included as it effect on all component of the model .

Therefore among many of corrosion models revieved it can be identified this model

as a one of best corroison mode that describe the nature of atmospheric corrosion.
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3. EXPERIMENTAL PROCEEDURE

In this chapter the process involve in field exposure test , data collection and
processing, model development, model calibration and validation of model will be

described.
3.1 Field exposure test

The main part of the project is field exposure test that was conducted in different four
locations, in Sri Lanka namely Peradeniya (Rural wet), Colombo (Urban) , Kolpetty
(Marine) and Anuradhapura (Rural dry). The geographical locations of test sites are

shown in the figure 3.1.

Specimens of mild steel plates having dimensions 150X100X2mm were used for this
study. The atmospheric variables temperature, humidity and rain fall of each location
were recorded by one month time intervals which were obtained from the data
available at the Department of Meteorology. The sulphur dioxide deposition rate was
measured by passive sampling method and chloride deposition rate was determined
by wet candle method as per the method given in ISO 9225: 1992. [19]. The average
mass loss of three specimens with same exposure condition was determined by two

month time intervals for two years as per the method given in ISO 9226: 1992 [20].

Figure 3.1 Locations of field exposure program conducted.
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(a )Anuradhapura (b) Peradeniya (c) Colombo ITI

Figure 3.2: Field exposure racks in diffferent locations

3.1.1 Preparation of corrosion test panel

3.1.1.1 Preparation of corrosion test specimen

Three type of materials (Mild steel : 45 specimens, Stainless steel grade 304 :15
specimens, Stainless steel grade 316: 12 specimens) with the dimension 150X100X2
mm and having chemical composition shown in table 3.1 were used for this study,
the test specimens were prepared according to the method given in ISO 9226 [19] in
Appendix A. The specimens were fixed on the exposure rack with the aid of plastic

fixing elements as shown in the figure 3.1 and placed in the selected locations.

Specimen

Plastic fixing elements

—

Figure: 3.3 fixing of test specimen to panel
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Table:3.1 Chemical compositions of the materials used for the experiments

Material Chemical Composition

C S Mn Si P Cr Ni Mo
Carbon Steel | 0.14 | 0.02 |[050 |025 0.01 - - -
SS 304 0.06 |0.01 1.01 040 | 0.02 18.2 9.5 -
SS316 0.06 |0.02 1.00 1024 0.02 1725 [ 1245 | 2.45

Table 3.2. Test method

Test parameters

Test method

SO2

ISO 9225 :1992

Cal-

ISO 9225 :1992

Relative humidity

Department of meteorology Sri Lanka

Temperature

Department of meteorology Sri Lanka

Weight loss

ISO: 9226 :1992

Strength loss

BS 18. 1996

3.1.2 Measurement of atmospheric variables and corrosion loss

3.1.2.1 Measurement of sulphur deposition rate:

For the measurement of sulphur deposition rate the passive sampling method that

was given in ISO 9225 was used. (Appendix B). Three passive samplers were located

in each location and the sulphur deposition rate was measured by two month time

intervals

Passive sampler

Wet Candle

Figure 3.4: Passive sampler for SO, deposition  Figure 3.5: Wet candle for CI' Deposition
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3.1.2.2 Measurement of chloride deposition rate:
For the measurement of chloride deposition rate the wet candle method that was
given in ISO 9225 was used. ( Appendix C). Three wet candles were located in each

location and the chloride deposition rate was measured by two month time intervals.

3.1.2.3 Measurement of temperature and relative humidity:
The meteorological data such as temperature, rain fall and relative humidity were

obtained from the Department of Meteorology, Sri Lanka.

3.1.2.4 Measurement of corrosion loss (Mass loss):
Three specimen from each location were removed by two months periods and the
corrosion loss was determined according to the method given in ISO 9226

(Appendix D)

3.2 Data processing

The average result of each parameter of data collected from exposure test was
determined by the to the equation given below and tabulated. As an example,
Average chloride deposition during the period of ‘t months’ was determined as

follows.

t
(€D, =222 e (18)

Where:  Cl,:  Average chloride deposition of the n™ month
(Cl);: Average chloride deposition during the period of t months

t: Duration
Similarly results of Temperature (T), Chloride deposition rate (Cl);, Sulphur

deposition rate (S);, and rainfall (RF); during the period of t months were

determined.
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3.3 Development of corrosion model.

3.3.1 Development of model structure
It is well established fact that the rate of atmospheric corrosion follows the power
equation shown in equation 19.

C=Kth . (19)
Where C is the loss of weight due to corrosion and ¢ is the exposure time which is the
primary factor that determines the basic rate of corrosion. The initial corrosion loss
observed during the first unit time of exposure is described by K, while n is a
measure of the long-term decrease in corrosion rate or pasivation of materials which
is directly dependent on the metal, the physical-chemical atmospheric conditions and
the exposure conditions [3].
Therefore, power equation can be applicable for any location by appropriately
defining constant K and n as a function of atmospheric variables in particular

location.

n=F (TOW,CI, RF, SO5, T,etc.) . .evvv...... (20)
K=F (TOW,CI', RF SO, T,etc.)...vvve...... 21)

Therefore based on the above concept a model structure was proposed that can be
applicable in for Sri Lankan atmospheric conditon.. Based on this, two type of
corrosion models were selected.

in model formulation fitting of data to a linear model is a more common practice.
Therefore, firstly the most basic type of model that represent the multy variable

linear equation shown in equation 22 and 23 were considered.

n=a;(RH) + a,(T) + a3(50,) + a,(Cl7) + as(RF) (22)
k = B1(RH) + B,(T) + B3(S0,) + B,(CI7) + Bs(RF) (23)

The symbols “oy ,00 ,03, 04,05, B1, B2, B3, Ba, Ps “represent the model constant
which has to be determined by environmental and corrosion data of field exposure

test.
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Secondly, by reviewing published literature on corroion modeling it was identified
few corrosion models can be applicable in sri lankan condiiotns. Among those
models the corrosion model published by Dawn E. Klinsmith [4] (Shown in
equation 24 ) was identified as a one of best corrosion model which suitable to Sri
Lankan conditions. This corrosion model shows basic features of power equation and

it do not show many of disadvantages in other published models.

D F H
ot (22 (102 (142 o o
Where,
Y - Mass loss due to corrosion
t -Time

TOW -Time of wetness

SO,  -Sulphur deposition rate
Cal  -Chloride deposition rate
T -Temperature

A,B,C,D,E,F, G, H, Jand Ty— Constant

Although this model has shown good performances in many cases, when consider the
Sri Lankan atmospheric conditions the rain fall is one of main factor that can be
influenced the outdoor atmospheric metal corrosion according to the meteorological
data it is shown that comparatively high rainfall even in dry zone of the country
throughout the year and the effect of rain on atmospheric corrosion damage are
somewhat ambiguous. While providing electrolyte effect for corrosion and rain can
influence in beneficial manner by diluting harmful corrosive surface species [3].
Therefore, when consider the Sri Lankan atmospheric condition parameter of Rain
fall (RF) has to be added to the model. In addition to that relative humidity is the
main factor that determine the time of wetness (TOW). In general practice TOW is
defined as the time duration in which relative humidity more than80 % and the
temperature is higher than the 0°C[1]. When the Sri Lankan atmospheric condition

is considered the relative humidity everywhere in the country is always nearly 80%
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or more. Therefore, whole exposure time of metals in atmosphere is equal to time of
wetness. Further, the value of relative humidity determines the amount of moisture
deposit on the metal surface and it has a significant effect on the corrosion rate.
Therefore, the authors have decided that it is reasonable to replace TOW by RH in
the equation no.5 and the constants A and C in equation 5 has been reduced to constant A
in equation 6 {(A/C”) =A}.Then the modified equation of the proposed corrosion

model will be as follows;

Y = AtP(RH)” (1 + SE—Z)F (1+ %)H (1+ %)L e (T+70) (25)

Where : RF is rain fall and K,L are constants.
(In addition to the constant given in equation 24)
3.3.2 Calibration of Corrosion Model Structure.

For the determination of constant of model structure software based mathematical

iteration method was used. (Refer Appendix .E method for Equation 25)

In this exercise the iteration involves the fallowing processes.
1. The systematic substitution of all possible combination of numerical values
which are within the pre identified range to the model.
2. Determination of Root Mean Square Error (RMS Error) for each combination
according to the equation 23 given below.
3. Select the combination which gives the minimum chi square value and

meaningful value to the constants as the best combination.

RMS Error = Z(Cactual_Ccalculated)2 (26)
Cactual
Where:
Cealculated Corrosion loss calculated by Proposed equation. for a

given combination of model constant.

Cactual Corrosion loss from field exposure data.
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3.3.3 Validation of corrosion model

The field exposure test of Peradeniya and Colombo were continued for another few
years to collect required data and also it was started another two exposure in
Puttalum and Nawala . Then the actual test results collected by exposure test was
compared by means of percentage with the results calculated by the proposed models
to find out the prediction capability of models. In this process it was assumed that the
pattern of variation of atmospheric variables throughout the year is same for all the
years. Therefore for the calculation of forecasted mass loss the average values of

atmospheric variables in first year were used.
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4. Results

Table 4.1 shows the date of commencement and durations of exposure program in
different location, the exposure program was continued in all locations for 24 month
except in Anuradhapura. In Anuradhapura after the completion of 20 month the
exposure rack has been destroyed by animals due to insufficient security. Therefore
this incident is an important factor to be considered when the exposure racks are

installed.

Table .4.1 Exposure program details (Date of commencement of the exposure)

Location Exposure date Exposed duration (Months )
Urban —ITI (Colombo 7) 2011/07/15 24
Rural (Wet) -Peradeniya 2011/08/25 24
Marine -Kolpetty 2011/10/28 24
Rural (Dry) —Anuradhapura 2012/03/09 20
Marine -Puttalum 2016/06/26 04

4.1 Atmospheric data

The Table 4.2, Table 4.3 and Table 4.4 show that the variation of relative humidity,
temperature and rain fall respectively in  each location and the graphical
representation of the same data are shown in figure 4.1, figure 4.2, figure 4.3 .
These data were obtained from the Department of Meteorology (DOM) Sri Lanka.
The data measurement location is not the same location that exposure panel was set
up but both locations are within the same region and assumed that has similar
environmental conditions. Initially, it was measured the variation of temperature and
relative humidity in exposure locations with the aid of a data logger for two month
and compared with the data obtained from DOM . Then it was found that there is no

considerable difference between these two values.
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4.1.1 Variation of average relative humidity in exposure locations with the

month

Table. 4.2: Average relative humidity (%) in testing locations

Year Month Colombo | Peradeniya | Kollupitiya | Anuradhapura

July 81.5 - - -
August 81 - - -
September | 79 84 - -
October 81.5 84 - -
November | 81.5 86 81.5 -

2011 December | 79 85.5 79 -
January 75.5 80.5 75.5 -
February 78.5 80 78.5 -
March 78.5 77 78.5 75
April 83.5 85.5 83.5 80.5
May 77 78.5 77 76
June 81.5 79.5 81.5 73.5
July 80.5 80.5 80.5 74
August 82.5 81.5 82.5 70.5
September | 83 81 83 72
October 84 86.5 84 82
November | 82 88.5 82 84.5

2012 December | 82.5 87 82.5 88
January 74 83.5 74 84.5
February 78.5 84 78.5 82.5
March 80 83.5 80 79.5
April 79.5 84 79.5 77
May 83 85 83 79.5
June 82.5 80 82 75
July 82.5 82.5 74.5
August 81 83 72
September 82 69

2013 October 83.5 80.5

27




4.1.2 Variation of average temperature in exposure locations with the month

Table 4.3: Average temperature (°C) in exposure locations

Year Month Colombo Peradeniya | Kollupitiya | Anuradhapura
July 28.2 - - -
August 28.2 - - -
September | 28.3 24.8 - -
October 28.1 25.6 - -
November | 27.55 24.7 27.6 -
2011 December | 27.05 23.8 27.1 -
January 26.8 239 26.8 -
February 27.55 24.7 27.6 -
March 28.2 25.8 28.2 29.1
April 27.9 25.9 27.9 28.9
May 29.2 26.0 29.2 29.9
June 28.65 25.7 28.7 30.0
July 28.55 25.3 28.6 29.9
August 28.1 25.1 28.1 30.2
September | 28 25.4 28.0 30.3
October 27.65 25.3 27.7 28.5
November | 27.5 24.7 27.5 27.1
2012 December | 27.3 24.0 27.3 26.0
January 27.265 23.1 27.3 25.8
February 27.685 24.4 27.7 27.0
March 28.51 26.1 28.5 28.7
April 29.4 26.8 29.4 30.1
May 28.97 26.5 29.0 29.6
June - 26.0 29.7 27.8
July - 25.3 27.2 30.5
August - - 26.2 30.4
Sept - - 26.1 29.7
2013 October - - 26.6 28.9

According to the above data it can be observed that comparatively there is no

considerable variation of temperature and relative humidity in different locations in

Sri Lanka throughout the year.
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4.1.3 Variation of average rainfall in exposure locations with the month

Table 4.4: Rain fall (mm) in exposure locations

Year Month Colombo | Peradeniya | kollupitiya | Anuradhapura
July 98.2
August 148.6
2011 September | 76.2 150.8
October 242.0 275.1
November | 188.3 102.3 188.3
December | 45.3 717.5 45.3
Jan 158.7 40.4 158.7
Feb 140.1 147.3 140.1
Mar 122.0 48.7 122.0 75.2
Apr 532.3 173.1 532.3 145.4
May 152.0 0.9 152.0 0.2
Jun 88.6 66.0 88.6 0.0
2012 Jul 41.1 135.0 41.1 23.9
Aug 200.3 63.6 200.3 0.0
Sep 180.0 28.5 180.0 16.2
Oct 507.3 596.3 507.3 683.9
Nov 207.4 265.0 207.4 242.1
Dec 134.8 426.1 134.8 593.7
Jan 90.90 298.7 90.91 203.3
Feb 164.3 91.9 164.3 75.9
Mar 108.3 71.3 108.3 232.6
Apr 148.1 178.7 148.1 79.3
2013 May 404.50 146.7 404.5 57.4
Jun 349.6 268.1 349.6 0
July 130.6 100.3 95.3
aug 91.2 132.5 147.1
sep 300.5 9.3
oct 475.3
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4.1.4 Variation of chloride deposition rate in exposure locations with the month

Table 4.5: Chloride deposition rate (g/m*.day) in exposure locations

Year | Month Colombo Peradeniya | Kollupitiya Anuradhapura

2011 | July 100 * - -
August 105 * - -
September | 95 * - -
October 80 * - -
November | 70 * 250 -
December | 75 * 300 -

2012 | January 70 * 350 -
February | 80 * 300 -
March 65 * 380 *
April 80 * 270 *
May 90 * 400 *
June 110 * 280 *
July 115 * 250 *
August 115 * 300 *
September | 100 * 315 *
October 100 * 275 *
November | 100 * 200 *
December | 80 * 250 *

2013 | January 85 * 250 *
February | 80 * 250 *
March 85 * 300 *
April 85 * 375 *
May 110 * 400 *
June 100 * 250 *
July - * 250 *
August - * 300 *
Sept - - 375 *
Oct - - 400 *
* Below 5
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4.1.5 Variation of Sulphur deposition rate in exposure locations with the month

Table 4.6 Sulphur deposition rate in exposure locations

Year | Month Colombo Peradeniya Kollupitiya Mihinthale
2011 | July 25 - -
August 20 * - -
September | 30 * - -
October 22 * - -
November | 11 * 10 -
December | 16 * 15 -
2012 | January 20 * 10 -
February | 18 * 20 -
March 23 * 9 *
April 24 * 28 *
May 25 * 30 *
June 20 * 14 *
July 23 * 15 *
August 21 * 28 *
September | 26 * 33 *
October 22 * 28 *
November | 14 * 15 *
December | 14 * 17 *
2013 | January 18 * 14 *
February | 16 * 20 *
March 19 * 14 *
April 22 * 25 *
May 22 * 26 *
June 21 * 13 *
July - * 14 *
August - - 26 *
September | - - 30 *
October - - 19 *

As per the above results (Table: 4.5) it can be observed that relatively high chloride
deposition rate is present in Kollupitiya which is more closure to the sea
(approximately 100m). The location named as Colombo which is 1km away from
coastal line shows relatively low concentration in chloride deposition rate. In the
other two locations Anuradhapura and Peradeniya it can be observed that there is no
presence of chloride and these locations are more than 90 km away from coastal line.

When it is considered, the geographical situation of Sri Lanka it can be observed that
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there are no chloride emitting sources in mid of the country, therefore it can be

decide that inside the country are free from chloride or considerably negligible

amount.

According to the results shown in table 4.6

it can be observed that there are no

sulphur deposition can be observed in Anuradhapura and Peradeniya, In the other

two locations it can be observed that similar amount of sulphur deposition rate and

those are comparatively low value. In Sri Lanka there are no highly polluted large

cities and industrial areas comparative to the other countries, Only few factories are

located in several places. Most of the factories in these industrial zones are garment

industries and there is no highly emission of pollutions

4.1.6 Corrosion loss in exposure locations (mass loss)

Table 4.7: corrosion loss (mass loss) data

Duration Corrosion loss/ mass loss (g/m’)
(month) Colombo Peradeniya | Kollupitiya | Anuradhapura
July- Aug | 84.66 - - -
2011 | Sep-Oct 175.32 58.66 - -
Nov-Dec 210.46 80.23 271.33 -
Jan-Feb 288.72 102.45 498.53 -
Mar-Apr 362.72 121.43 678.32 31.12
May-jun 426.24 135.43 820.25 64.89
2012 | Jul-Aug 462.26 155.34 898.53 84.16
Sep-Oct 485.43 182.34 1045.68 110.32
Nov-Dec 506.24 210.65 1254.26 132.41
Jan-Feb 518.34 246.54 1366.11 154.23
Mar-Apr 526.32 266.54 1597.34 176.45
2013 | May-Jun 542.36 284.32 1684.56 190.00
Jul-Aug - 299.62 1786.50 201.54
Sep-Oct - - 1832.32 210.68
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4.2 Data Processing for Corrosion Model

As per the method described in 2.1.2.6 the average value of exposure data were

calculated, the table 4.8 shows the summary of calculated data.

Table 4.8 Summary of field exposure program data

Data | Loeation Duration | Average | Average Average Average Average Rain | Total
No. [month] Humidity | Temperature | Chloride Sulphur Fall Mass loss
(RH},% (Ty.C Content Content (RE} g/m?
{(Cly (SO2h Jnm
gg/miday | mg/miday

1 Urban 2 2123 2855 10230 22.50 12340 24.66

2 Urban 4 80.73 2340 93.00 24.23 141.23 173.32
3 Urban 6 80.58 2321 87.50 20.67 133.10 21046
4 Urban g 79.69 2789 3438 20.23 137.1% 288.72
3 Urban 10 79935 27.84 82.00 2090 173.17 362.72
6 Urban 12 79.83 2796 83.00 2117 166.03 426.24
7 Urban 14 80.07 28.03 30.29 21.29 139.33 462.26
3 Urban 16 80.50 28.03 90.63 21.63 182.36 48343
9 Urban 18 80.69 28.00 90.36 20.78 131.29 306.24
10 Urban 20 8023 2193 88.73 2040 173.92 31834
11 Urban 22 80.20 2787 89832 2041 17138 32632
12 Urban 24 an42 28.09 90.63 20.30 133.80 34236
13 Ruralwet | 8400 25.15 0.00 0.00 11230 58.66
14 Bural-wet 4 8488 24.70 0.00 0.00 131.30 30.23
13 Bural-wet 6 83.33 24.33 0.00 0.00 132.17 10243
16 Bural-wet g 8281 24.83 0.00 0.00 126.88 12143
17 Bural-wet 10 82.03 25.03 0.00 0.00 108.20 13343
13 Bural-wet 12 g1.88 25.03 0.00 0.00 106.67 13334
19 Bural-wet 14 82.14 25.09 0.00 0.00 136.07 132.34
20 Bural-wet 16 82.84 25.00 0.00 0.00 162.31 210.63
21 Bural-wet 18 82.94 2486 0.00 0.00 163.54 246.34
22 Bural-wet 20 83.03 25.02 0.00 0.00 161.83 266.34
23 Bural-wet 22 8293 25.68 0.00 0.00 166.00 28432
24 Bural-wet 24 82.94 2497 0.00 0.00 16142 288,62
23 MManne 2 79.69 2796 273.00 12.30 133.67 27133
26 MManne 4 70.93 28.03 300.00 13.73 300.73 49833
27 MManne 6 70.83 28.03 308.33 1333 333.50 67832
28 MManne g 80.07 28.00 316.23 17.00 31413 220.23
29 Marine 10 80.50 2793 308.00 17.90 322.80 29833
30 Marine 12 20.69 27.94 303.83 20.00 287.83 1043.68
il MMarne 14 80235 23.04 29420 20.14 266.14 1234.26
12 Marine 16 £0.20 2754 188.73 19.94 26744 1366.11
i3 MMarne 18 g0.42 28.60 20417 10.89 24736 1397.34
34 MMarne 20 8043 1812 20725 10.83 241.80 1684.36
33 MMarne 2 g0.76 21.75 20523 10.86 232.05 1786.30
36 MMarne 24 §1.02 27.68 302.92 20.23 234.29 183232
37 Bural -Dry 2 17.73 28.98 0.00 0.00 110.30 3112
38 Bural -Dry 4 76.23 2048 0.00 0.00 3323 64.80
i9 Fural -Dry 6 7492 20.68 0.00 0.00 40.67 24.16
40 Rural -Dry g 7344 28.61 0.00 0.00 118.00 110.32
1 Rural -Dry 10 77.60 29.00 0.00 0.00 178.00 13241
12 Rural -Dry 12 78.38 28.57 0.00 0.00 171.38 134.23
43 Rural -Dry 14 78.34 28.69 0.00 0.00 169.36 17643
44 Bural -Dry 16 7847 28.69 0.00 0.00 131.81 190.00
43 Bural -Dry 18 T8.08 2024 0.00 0.00 143.44 201.34
16 Rural Dry | 20 7763 18.96 0.00 0.00 134.03 110.68

Utben : Colombe 07, Rural wet : Peradeniyz, Marme : Kollupitiva, Rural Dry: Anuradhapura
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4.3 Corrosion model:

The constants of equation 20 (Model 1) was determined as per the method describe

in clause 2.5, the obtained values of constants of model 1 are as follows.

a; =0.007, =0.0015, 03=-0.0013, @,=0.0008, 05=0.0002

B1=0.32, B=0.015,  PBs=0.053,  PB.=0.244  Ps=0.054

By substituting above values the equation 26 can be obtained. Therefore when
climatic data and atmospheric data are available this equation can be used for the

determination of the corrosion loss in any area of Sri Lanka.

C = (0.32RH + 0.015T + 0.53502 + 0.244Cl + 0.054RF )¢ -001(7RH+1.5T+1.35+08CL+02RF) ()

In the same way the constant of corrosion model shown in equation 25 (Model 2)

was determined and obtained values of constants of model 2 are as follows.

A=6.82 B=0.78 D=0.07 E=93 F=0.31
G=158 H=1.70 J=0.023 K= 150 L=0.18 T,=7.3

By substituting above values the equation 27 can be obtained. Therefore when
climatic data and atmospheric data are available this equation also can be used for

the determination of the corrosion loss in any area of Sri Lanka.

_ 0.78p170.07 S0z 0-31 < 170 RE 0-18 0.023(T+7.3)
y = 682007°RH%Y7 (1+32) 7 (14 )7 (14 K) 7 (7)
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4.3.1 Model performance analysis

The figure 4.6 and 4.7 shows the percentage deviation of calculated corrosion loss
from actual corrosion loss. This result can be used for the performance evaluation of
model’s goodness of fit with the data. Therefore these results show that more than
80% of data are within the +10% deviation. That means the model’s goodness of fit
is in reasonably acceptable level or in another word the values obtained for the model
constant are acceptable by means of goodness of fit.
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Figure 4.6: Percentage deviation from actual value (Model 1)
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Figure 4.7:Percentage deviation from actual value (Model 2)
The figures 4.8 , figure 4.9, figure 4.10 and figure 4.11 shows the graphical

representation of comparison of actual corrosion loss with forecasted corrosion loss

calculated by model 1 and model 2 .
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Figure 4.10: Comparison of actual mass loss with forecasted mass loss in Kollupitiya
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Figure 4.11: Comparison of actual mass loss with forecasted mass loss in Peradeniya
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4.3.2 Model validation

The table 4.9 shows the mass loss due to corrosion in different locations in Sri Lanka

and the same determined by the corrosion model 2.

Table 4.9; Comparison of Forecasted mass Loss with Actual mass Loss

Location Duration Actual Mass | Predicted Mass | Deviation
Loss due to| Loss due to o
[months] Corrosion Corrosion [Vo]
[g/m?] [g/m?]
Colombo 36 840.2 909.8 8.2
Colombo 66 1350 1462 8.2
Peradeniva 36 382.4 364.3 4.7
Peradeniva 64 520 570 9.6
Nawala 4 140 152 8.5
Puttalam 2 531 374 29
Puttalam 4 950 667 30

According to the results of Colombo, Nawala and Peradeniya, the model shows good

forecasting capability and the deviation is below the 10 %.

In the case of Puttalam there is a considerable difference in forecasted value and
actual value. Possible reason is the range of data used for the calibration does not
cover the actual environmental condition in Puttalam (Eg. For chloride deposition
rate the calibrated data range is 0-316 mg/m’.day but the actual value is 436
mg/m’.day . In addition to that the location of specimen mounted was closed to the
sea about 25m from the sea. Therefore, the specimens are directly exposed to the sea
breeze and this provides excess moisture to the sample that was not represented by
relative humidity. These kinds of conditions such as sea breeze are not considered in
the formation of model and also for the determination of loss of mass due to
corrosion model relative humidity and temperature values were obtained from
Department of Meteorology Sri Lanka but the actual values are much higher than the

measured value due to sea breeze (Eg: measured value for relative humidity is 82
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but near to the sea the atmosphere is always saturate with sea water and therefore the
RH is always near to 100 ). Therefore, in order to obtain more accurate results it is
required to measure on the spot value of atmospheric variable such as relative
humidity and temperature instead of use of area data from Meteorological

Department

Further the method given in ISO standard [3] for the measurement of chloride
deposition rate (Wet candle method) is not suitable for the areas where it directly
exposure to the sea breeze because the candle will be saturated within few days and

further absorption of chloride will be limited and shows relatively low values.

Table 4.10 Comparison of test results obtained by models with ISO method.

Value ISO ISO Model | Model

= (Annual | Category | Category 1 2
= parameter Average) (based on
2 atmospheric
- variables)

Temperature 28.09

Relative humidity 80.42 TS 357 366
z Chloride deposition rate | 90.62 52
£ Sulphur deposition rate | 20.5 P1
% | Corrosion loss 426 C4 c4 C3 C3

Temperature 24.97

Relative humidity 82.87 TS
- Chloride deposition rate | 0 S0 155 149
2 Sulphur deposition rate | 0 PO
2 | Corrosion loss 155 C2 C3 C2 C2
5
© Temperature 27.68
;E Relative humidity 80.73 TS 1139 1164
s Chloride deposition rate | 302.92 S3
.=° Sulphur deposition rate 19.7 P1
M Corrosion loss 1045 C5 C5 C5 C5
= Temperature 28.96
= | Relative humidity 77.5 T3-T4
= Chloride deposition rate | 0 S0 165 168
= Sulphur depositionrate | 0 PO
E Corrosion loss 154 C2 C2-C3 C2 C2

Relative Importance Analysis’ was conducted for independent variables (i.e.
atmospheric variables) of the developed model by means of change of corrosion loss
per unit variation of each atmospheric variable. The table 4 shows that the
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percentage relative importance of each variable under selected three different
atmospheric conditions (1, 2, 3). For the convenience of comparison, the
environmental conditions were selected so that chloride deposition rate was varied
when other environmental conditions remain unchanged. According to the results
given in table 4 it was observed that the contribution of each variable to total
corrosion loss depends on the atmospheric condition and in this case temperature is
the most important factor that determines the corrosion loss while rain fall is the least

important factor.

Table 4.11: Percentage relative importance of atmospheric variables under
different environmental conditions

Average Average Average Average Average
Humidity | Temperature | Chloride Sulphur Rain Fall
(RH), (T), Content Content (RF), [1nin]
[*2] [°c] (C1), (502),
[mg/m?.day] | [mg/m’.day]
Relative Importance (%)
under Atmospheric condition (1) y =~ -
(RH =80, T=24, CI=25, 2.37 63.41 25.36 7.69 1.17
S0,=13, RF=270)
Relative Importance (%)
under Atmospheric condition (2) = - - -
(RH =80, T=24, CI=160, 2.65 71.05 16.37 8.61 1.31
S0,=13, RF=270)
Relative Importance (%)
under Atmospheric condition (3) _ a, C
(RH =80, T=24, C1=300, 2.80 74.81 11.94 9.07 1.38
50,=13, RF=270)
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5. Conclusions

1. Development of many corrosion models has been reported in all over the world.
Due to high diversity of environmental condition from place to place even in the
local area of same country, It is difficult to obtain a universal corrosion model with
acceptable accuracy because when the environmental conditions are more diverse
level of accuracy of models output becomes low. Therefore Most of these models

show good performance only within the predefined conditions.

2. When it is consider the Sri Lankan atmospheric condition, it was observed
environmental condition throughout the country varies in a similar pattern
therefore; it is possible to develop a one corrosion model for Sri Lanka with

considerable accuracy.

3. The corrosion rate of metal is mainly depends on its environment and the long
term corrosion loss follow the parabolic equation. It means that the initial corrosion
rate is higher than the long term corrosion rate and the corrosion rate is decreased
with the time mainly due to corrosion product deposited on the metal surface and act

as a barrier to further contact of base metal with environment.

4. For mild steel it was observed there is a considerable difference in mass loss due
to corrosion under different atmospheric conditions in Sri Lanka, Therefore, it was
possible to develop a relation between corrosion of mild steel and atmospheric
variables. The developed corrosion model shows good performance in prediction of

corrosion.

5. In practice, development of a “corrosion map' is a massive and costly exercise
therefore it has to be an all-country effort with field stations throughout the country
in all major cities and industrial areas. But in case of Sri Lanka there are no highly
polluted large cities and industrial areas comparative to other countries, only few
factories are located in several places and the geographical area is very small.
Therefore, it would not be a difficult task to develop a corrosion map with the model

developed in this research work.
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6. The advantage of this model is that to develop a corrosion map for Sri Lanka it is
not necessary to place (Expose ) Samples in all over Sri Lanka to measure the mass
loss. According to this model if the environmental data are available in a particular
location then it is possible to calculate the mass loss in that particular location.
However further work is necessary to be done to fine tune the constants of the model

by placing more samples in selected location in Sri Lanka

7. Stainless steel grade 304 and 316 do not show considerable mass loss under the
selected atmospheric conditions and there is no detectable differences under different
atmospheric condition therefore it is not possible to determine mass loss due to

corrosion of stainless steel (304, 316) as a function of atmospheric variables.
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Appendix A

Corrosion of metals and alloys — Corrosivity of atmospheres
— Determination of corrosion rate of standard specimens for

the evaluation of corrosivity

WARNING — Some of the procedurcs included in this International Standard entall the use of potentially
hazardous chemicals. It Is emphasised that all appropriate safety precautions should be taken.

1 Scope

This International Standard specifies mathods which
can be used for the determination of corrosion rate
with standard specimens.

The values obtained from the measurements (cor-
rosion rates fur lhe first year ol exposure) are lo be
used as classification criteria for the evaluation of
almospheric corrosivity according to 1SO 9223

2 MNormative references

The following standards conlain provisions which,
through referance in this text, constitule provisions
of this International Standard. At the lime of publi-
cation, the editions indicaled were valid. All stan-
dards are subject to revision, and parties to
agreemenls based on lhis International Standard
are encouraged lo investigate the possibility of ap-
plying the moslt recent editions of the standards in-
dicated below. Members of IEC and ISO maintain
registers of currently valid Internalional Slandards,

ISO 8407:1991, Corrosion of melals and alloys — Re-
moval of corrosion products from corrosion fest
specimens.

ISO 8565:1092, Metals and alloys — Atmospheric
corrosion testing — General requirements for field
tests.

ISO 9223:1992, Corrosion of metals and alloys —
LCorrosivily of atmospheres — Classification.
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3 Principle

The corrosivity of the exposure locations or of in-
dustrial installation sites is deduced from the cor-
rosion rate, calculated from the loss of mass per unit
area of standard specimens following the descaling
of vorrosion products from the specimens after ex-
posure periods of one year.

In the case of alloys of iron, zinc and copper, mass
loss is a proven measure of corrosion damage. In
the case of aluminium alloys, mass loss is a valid
measure of corrosion. This is the aim of this Inter-
national Standard, however it does not measure the
corrosion penetration.

4 Standard specimens

Two types of standard specimens may be used.

Helix specimens often give results which are sig-
nificantly different from those oblained with fiat
specimens; therefore, comparisons of results should
be based on specimens of the same type.

The matariale uscd to prepare lhe slandard speci-
mens are of current fabrication, i.e.:
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Steel: unalloyed carbon steel (Cu 003 9%
1o 0,10 %, P < 0,07 %)

Zine: 98.5 % min,

Copper: 99,5 % min.

Aluminium: 99,5 % min.

Prior to exposure, all specimens shall be solvent
degreased, Steel specimens with visable rust stains
or corrosion products on their surfaces shall be
polished with 120 gril abrasive paper prior o de-
greasing to remove these visible corrosion products.
Copper, zinc and aluminium specimens shall not be
used if visable corrosion products are present be-
fore exposure.

4.1 Flat plate specimens

The specimens are rectangular plates with dimen-
sions of preferably 100 mm % 150 mm but al |east
50 mm x 100 mm, and a thickness of approximately
1 mm.

4.2 Open helix specimens

The materials used fo prepare the standard speci-
mens are wires intended for thermal spraying.

Wires with a diameter, d, of 2 mm to 3 mm are cut
to a length of approximately 1000 mm. They are
then rolled into a helix using a rod with a diameter
of 24 mm.

5 Exposure of standard specimens

The preparation and the exposure of the waighed
and marked standard specimens shall be done ac-
cording to the specifications of IS0 8565

Three specimens of each melal should be exposed
for one year, starling at the beginning of lthe worst
corrosive period of the year, Helix specimens musi
be exposed in upright position {see Mgura1).

After exposure, the corrosion products formed on
specimens shall be removed in accordance with the
specifications of IS0 B407 and reweighed lo the
nearest 0.1 mg. Procedures sultable for chemical
cleaning are given in annex A, The cleaning pro-
cedure should be repeaied several times in egual
cleaning cycles.
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& Expression of results

The corrosion rate, r,, for each metal, expressed
in grams per square metre year [g/im2-a)], is given
by the equation
Ammt
Feonr = AT )|

where
Am Is the mass loss, in grams;
A is the surface area, in square metres;
i Is the exposure time, In years.

The corrosion rate, r.,,. can also be expressed In
micromelres per year (pm/a), and is given by the
equation

Ty —ﬁn'l

cote = ."'g'f ' {2}

where

o is the density, in grams per cubic centi-
metre, of the metal:

E|
bl
3

ora= 7,86 g/om
gz, =714 g/lem
gcy = 8,96 g/lem
og = 2,70 1;||H.:m3

Am, A and ¢ have the same meaning as the
symbals in eguation (1)

The corrosion rale for open helix specimens. r.um
expressed in micrometres per year (pm/a). is given
by the equation

oo = 0,25 % ﬁn’frd (3

whare

Am  Is the mass loss, in milligrams;

d s the wire diameter, in millimetres;
m ig the original mass, in grams;
i is the exposure fime, in years.

All single values and thelr mean values shall be re-
presented in the tesl report,
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Material Chemical Time Temperature Remarks
min "C
500 mil of hydrochloric acid (HCI, g = 1,19 g/ml)
Steel 3,5 g of hexamethylene tetramine 10 20 to 25 =
Distilled water to make up to 1 000 ml
Chloride contamination of
the chromic acid from
" N corrosion praducts
Zinc 290 g of chramlami lrII(UKIdE [C;ou:'[)]o i 1 80 formed in salt environ-
Distilled water to make up to m rrisiitis ko [ s A veiiled
to prevent attack of the
zinc base metal.
Deaerate solution with ni-
trogen.
’ ) _ Brushing of test speci-
Caopper 5‘.' n:\l (Lf sMifrL acldk(HzSOt,, ‘: 6010'84]9”“” 30 to 60 40 to 50 mens o remove corrosion
Distilled water to make up to mi sraduets followsd by re-
immersion for 3sto4d s is
recommended.
. If corrosion product films
50 ml of phosphoric acid (H,PO,. 0= 1689g/ml) 20 g rernain. then follow wWith
of chromium trioxide (CrO,) 5to 10 90 to 95 e ol ianid procsdure
Distilled water 1o make up to 1 000 ml
below.
Hlor Remove extraneous de-
minfum posits and bulky corrosion
Nitric acid (HNO,, o = 1,42 g/ml) 1to5 to25 | Products to avaid re-

actions that may result in
excessive removal of
base metal.
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Appendix B

Corrosion of metals and alloys — Corrosivity of atmospheres

— Measurement of poliution

WARNING — Some of the procedures included in this International Standard entall the use of potentially
hazardous chemicals. It Is emphasised that all appropriate safely precaulions should be taken,

1 Scope

1.1 This International Standard specifies three
methods for measuring the deposition rates of sulfur
diowide (80, [sulfur compounds) and airborne
salinity.

It does not cover concentration measurements. The
concentration of sulfur dioxide (SO, and other
pallutants in the air should be measured in accord-
ance with standard methods, e.g. 150 4221:1880, Afr
quality — Determination of mass conceéntration of
sulphur dioxide in ambient air — Thorin speciro-
photemetric method

The measuremen! methods included in this Inter-
national Siandard apply Tfor characterization of
corrosivity of the test site The pollution data ob-
tained by these methods are generally used for the
determination of corrosivity categories.

2 Determination of suifur dioxide (SO,)
deposition rate on lead dloxide {PbO,)
sulfation plaies

_ 21 Princlple

Atmospheric sulfur dioxide {80,) reacts with the
lead dioxide to form lead sulfate. The plates are re-
covered and sulfate analysis is performed on the
contents to determine the extent of sulfur dioxide
capture. The deposition rate of sulfur dioxide is ex-
ressed in milligrams per square metre day

mgj{m™d)].

The lead dioxide reagent used in this method may
also convert other sulfur bearing compounds, such
as hydrogen sulfide and mercaptans, to sulfate.
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The inverted position of the distc is intended to
minimize sulfur capture from acid precipitation or
sulfuric acid aerosol

2.2 Sampling apparatus

2.21 Suliation plate

Sulfation plales may be purchased ready for ex-
posure or may be prepared. The following method
is recammended for the preparation of sulfation
plates.

Bond filter paper circles to the bottom of polystyrene
Petri dishes. Tha circle diameters may be 50 mm or
60 mm. Bonding is carried oul by placing a filter
paper rough side up, in the bottom of the dish. The
filter paper should fit inside the dish without wrink-
ling. Carefully squirl acetone intothe dish so that the
filter bacomes just saturaled Press the filter paper
firmly with a glass rod so thal il adheres completely
to the dish. Allow the acelone to evaporate

Piace a hatch of bonded plates (BO 50 mm or

55 60 mm plates) in a rack and rinse with distilled

or deionized water. Fill the plates with water again
and allow to stand for 1 . Pour the water oul of the
plates and refill to between one guarter and one half
with distilled or deionized water,

Add 35 g of tragacanth gum and 300 mi distiled or
deionized water to a high speed blender, Set at a
low speed and blend for 2 h.

Pour the canients of the blender into 3 1 Titre beaker
and pour 350 ml of the sclulion back into the
blender. Pulp 3,5 g of filter paper, add ii to the
350 ml of gum &olutlon and set the blender al a
maodarate speed umit the mixlure appears smooth
and uniform,
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Pour 490 ml ol the previvusly preparad gum sctulion
inte the blender 2nd blend al 8 moderale speed for
T min

Sef the b'ender 2l & kigh spesd and acd 12 g of
lead dioside. Elend Tor 2 min and then fum ‘he
blepdat back ‘0 8 low epsed.

A )

Carefully pipette 10 ml of the mixlure fato each
50 mmy plate of 15wl Inlg esch 60 mm plate. Make
glre that the mixiure spresds uniformly to the edge
of sgch plate,

Flece fhe weck of plales in
AD PO 50 TC for 20 h.

an oven sl al

fumaove the plates rom the ovan, allew o cool ond
g2al them with tight-fitng movers in protest tham
Lntl exposure begino.

\ﬂ!hﬂﬂﬂ'

L | pad ianior (B3} paste

= Plastic Peiricishe et

L]

Numbear 1he plates and eupnse’ fhem  witain
420 days of preporstion, Retzin uf leas! three pistes

Irom each baich o referance

2.2.2 Expasure rack

Erackets =aall be nged to nold lhe plales secire'y
i en fnveriod posiiion, 52 el the lsad disxide
mixtLre fanes dewnwards. The plaies sqall be horl-
zontal ard <kal tol he obotructed fromy  1-ermal
wing=s and air circulation currents The brackeis
shall ba corgiructed from a msverial wkich hes ait-
eguate ‘esisiance to etmasphenc oCriozion, They
gaall inclage a retaining chp or elher proviclon 10
hiold thie plate in the eveni of sirang winde A lypleal
bracke=! design is ehawn in figure 1

Chvessions 1 Finimelras

i Figure 1 — Bulfatlon plale holdar
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2.3 Sampling

When monltoring exposure slles, a minimum of
three plates shall be used for each exposura period

The plates should be placed, if possible, =t the
highest and lowest levels of exposure of corrosion

IBEL SpRCimans

A 3D day + 2 day exposure period is recommended,
Al the end of the axposure pedod, the plales should
be removed Trom the bracket and covered tightly 1o
praven! additional sullation Amalysls of ne platss
ghould be compleled within &0 days of the com-
pletion of the exposure. When the exposure s fin-
ished, the piate identification, exposure location and
the dates of exposure Inltiation and completion shall
be recorded

24 Sulfate analysis

The determinalion of the sulfate content of the sul-
fation piates shall be conducled wsing any estsb-
lshed  guantilative  amzlysia  technigue A
turbidimeatric method is described below

241 Principla

The conlenls of the sulfation piate are remaved and
diggolved, for example using a solulion of sodium
carbonate. The aullals s then procipatéd wille e
barium lon and measured torbidimetrically,

2.4.2 Reagents

During the analysiz, lnless olherwise staled, use
only reagenis of recognized analytical grade and
only distilled waler ar watar of equivalent purity

2.4.21 Sodium carbonate, approximately 50 g/l

Dissalve 509 + 0,59 of anhydrous sodium carbon-
ate (Na, 04 In 1 litre of waler.

2.4.2.2° Hydrochloric acld, salution,
“e{HCH) = 0,7 mal|

Dllute B0 mil of concentrated hydrochloric acid
{o=1.1%g/mi) to 1 litre with water

24.2.3 Barlum chlorlde dihydrate, 5 9/l solution
Dissolve 5 g of barium chloride dihydrate
(BaCly2H,3) In 1 litre of waler

2.4.24 Bodium_ sulfate, siandard solufion corre-
tponding 1o 500 mg of SO~ per litre,

Weaigh, to the nearest 0,1 mg, 0,740 g of anhydrous
sodium suifate (NagR0,), place iin & 1 000 ml one-

51

mark volumetric fash, dissohe in water, difute ta the
mark and mix well,

1 rnzl of s slandard solulion contains 500 ug of
50,

243 Plate analysie

Cuantitallvely remove the lead disxide and as much
of the fibrous malarial s= possible from the plate
and {ransler it to @ B0 mi one-mark valumetric fask.

Add 20 ml of sodium carbanate solution {2.4.2.1) and
sfir

Allow fo stand for 3 h whh occasional stirring
Flace in & 100 "C waler bath for 30 min
Cool and dilute to the mark with waler,

Filter &t lzast 15 ml through a quanditative ne-grade
filter papar into & clean, dry tesi lube. Do nol wash

Fipette 10,0 mi of filiered sample info.a 150 mm long
test tube of diameter 25 mm and add 100 mi of wa-
ter anmd 50ml of the hydrochlorie acid solution
{2.4.2.2), Swirl to mix and check the pH with indicator
paper. The pH must b8 beéfween 25 and 40 If not,
dizcard and repeal this step

Pipette 5.0 ml allquols of the sample Inlo two test
lubes of 36 mm diameler and add 15 ml of water 1o
sach

Add 1 ml of bariom chloride solution (2.4.23), mix
vigorously and allow 1o stand for 5 min before
measuring lurbidity,

Measara the lurbidily of the sample solulion al
200 nm againgt a solulion conisining no barium
Convarl the ebsorbance (lurbidily) reading to
micrograme of sullale wsing the calibration curve
obtained as specified in 244

Blank samples consisting of unexposed sulfallan
plates taken from each balch of prepared and ex-
posed plales should be anafyzed 3l the same Hme.

2.4.4  Preparation of the calibration curve

Dilute 10,0 ml of the sodiuwm sulfale standard sol-
utien (24.2.4) 1o 100 mi uring & volumelric flask,

Fipelie the following vwolumes of the diluted sodium
sullate solution into test tubes: 1ml, 2ml, 3ml,
4 mil, & mi, 10 ml and 15 ml. Diute each volume 1o
Toml with ‘waler and then foflow the procecurs
specified in 2.4.3

Cin linear graph paper plot the absorbance readin 3s
of gach of the above sofutions againsi the respective
mass of sulfate which they contain, le. 50 up.
100 g, 150 pg, 200 g, 250 jg, 500 pg and 760 pg.

e
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2.5 Expresslon of resuils

The su'fation rate is caiculaled in terms sl sulfur di-
olde (504) capture by the plate. The mess of sulfate
obtanad Fom the plsle anslygis procedyre i& COn-
vered to net sulfation mass by subtracling e blank
yelue obtained from the batch of pisies In quesion,

The depostion rate of swlur diowide (B, ew
essed 0 miligrams par square meke day
Erfn;;,l'.[rnz d)], Rgey). = given by the eguatior

imy — rrg) ® 16,87
Reop="""41% 1000 -
whiire

m, s the mags, n micrograms, of suffales
pontained (r the Hank fesi,

I Iz ke mass, in micragrams, of ciliales
rontalned In g plais;

A is the area. n sguare metres, of a plate,

i f5 1ha exposure time. in days
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4 Determination of ehloride deposition
rate by the wet candle methed

4.1 Principle

A rain-protected wetl textile surface, with a known
area, |s exposed during a specified time. The
amount of chloride deposiled is determined by
chemical analysis. From the resulls of {his analysis
the chloride deposition rate is calculaled. f!Kfi‘EEE«Ed
in milllgrams per square metre day [mgf(m -d}]

A=A B-B
B
Wiek !
3‘“‘ : AddiHonal heles
” {funnel shaped) e
for fres ends of gouze s

Stopper

| Central hote ____,/r

' for wick
N | Fres ends
— of gauze

Flgure 3 — Detall of rubber stopper
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4.2 Sampling apparatus

4,21 Woet candle

The wel candle is formed of a wick inserted into &
bottle. The wick consists of a central core of aboul
25 mm in diameter made of inert material
(polyethylene} over which Is sireiched or wound a
double layer of tubular surgical gauze or of a band
of surgical pauze. The surface of the wick BMpOsEd
lo the almosphere shall be about 100 em®, which
corresponds 1o 8 wick length of about 120 mm. The
exposed area shall be accuraiely known. One end
of the wick is inserted inte a rubber stopper. The
stopper has two additional holes through which the
free ends of the gauze pass (il fubular gavze Is
used. the lower end is cut along the length of the
gauze until about 120 mm Is 1eft] The edges of the
three holes are shaped Inlo a funnel so that liguid

running down the gauze draing thraugh the stopper
(see figured). The free ends of the gauze must be
long enough to reach the bottom of the bottle

The stopper is inserted into the neck of a bottle af
polyathylene or another inert material, with a vol-
ume of about 500 ml. The bottle contains 200 ml of
a glycerol and water solution [20 %4 (/)] with
oclanoic acid added o prevent the growth of fungi
such as Aspergifius niger The solution is made up
by mixing 200 m! of glycerol [CHOH(CH,OH).] with
distilled water to a volume of 1 000 mi Te the sol-
ution Is added 20 drops of octanoic acid (CgH,O,)

In situations of prolonged exireme temperatures, |.e.
greater than 25 °C or less than — 25 °C, it may be
necessary to Increase the glycerol contenl lo
40 % (17717) to prevent freezing or excessive evap-
oration, or |o replace the glyceral soclution by
ethylene-glycol at 20 % (F/ 1) strength
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4.3.2 Exposure rack

The wel candle |s exposed on a rack under the
cenira of a roof A5 shown in figure d, The rool should
be a squars of 500 mm side, inert and opagque. The
candie should be altached so that the distance from

the roal 1a the 160 of ha Wick 5. 200 mm and &0 that
It Is contred on the roof The distance beiween the
batile and the ground level should be al least 1 m.
The candle should. be expoced lowards the sea or
otker chloride source

Dimenaiong 10 milllimabes

ik

DR

G

Figure 4 — Sampling spparatus assembly

4.3 ESampling

l:rs:lalr_lhe prefabricaled candle ai lhe lesl location
and carry out the following steps

a) adjust the length of the exposed parl of tha wick
to the desired value;

bl remove the stopper and wick from the bottie,
wash the Iree ends of the gauza and the bottle
with digtilied water;

c] place 200 ml of the_glycersl and waler solution
(see 4.2.1) In the bolile;

dl reassemble the wick and hottle

a) ‘piace the candle in the exposed position accord-
ing to figure 4.

The glycerol and water solulion should be changed
al monthly intervals as follows:

— lposen the stopper [n the bolile;
— carefully wash down the wick with af |east
X ml of distiled water, enswring halt the

washings run through the drain holas 6 the
stopper and thence Inla the botlle,
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— mmoye the stopper and wick from {he boitle and
wash the free ends of the gouzc: as they are
withdrawn from the botlle;

— place the stopper and wick into a new botlle
conalning 200 mi of fresh glycersl and water
salution, ensuring that the free ends of the gauze
dip wall into the solution; replace (he candla in
itz holder;

— soraw on the |id of the removed botile tightly,
making sure that it does not leak

Mark the bottle cleary with the fest sile name, fo-
cation and dates of exposure and removal

Tha solution in the bottle is prepared Tor analysis
socording o 4.4.3.

4.4 Chlorlde analysis

A zultable chiodde snalysis is desoribed below. Any
other analytical procedure which provides satisfac-
tory precision can be used

4.4.17 Prncipha

The amount of chlorde In & sample is delermined
by mercurimelric itrafion using diphenylcarbazone/
bramaphenad blue mixed indicalor. The endpoinl of
the titratlon |s indicated by the formation of & blus-
viodef complex of mercuric diphenvlcarbazone in the
pH Inlerval 2,3 - 2.8

4,42 Reagenis

During the analysis, unless Atherwice claled, use
only reagents of racognized analylical grade and
only distilled water or water of equivalent purily

4.4.21 Ethanol, 95 %% {117

4.4.2.2° Nitric acld. solution, c(HNG,) = 0,035 mell

Dliute 3 ml of nitric acid (p=1,40-g/ml}] to 1 003 ml
with watar,

4.4.2.3 Sodium hydroxide soclufion,
e(NalH) = 0,25 moll.

Dissolve 10 g of sadium hydroxide In water and di-
lute 1o 1 000 ml

44,24 Sodlem chloride, standard referance sal-
ution, e(NaCl) = 0,025 maljl,

Dry the sodium chloride for 1 f at 300 'C. Dissalve
1461 3 g in water and dilule o 1000ml In a
volumetric Nask.
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4425 Mercury(ll) nitrate, standard volumetric sol-
ution, c[1gND4] — 0012 5 mal)i.

Dissolve 428309 of mercury(l) nitrate mono-
hydrate [HoiNOyH07 10 50 mi of walér acidified
with 0.5 mi of niirlc acid (HNO,) (p = 1,40 gjml). Di-
lute fo 1 000 ml with water in a volumetric Nlask. Fil-
lar Il necessary and delermine the —exacl
concentration by fitration using . sodium chlorde
gtandard reference solution (4.4 2.4) as described in
443

4426 Mercury(ll) nitrate, standard velumetric sol-
ution, «[HatNO,),] — 0,007 05 maifl,

Digsolve 242009 of mercuryllll  monohydrate
[HaNO; 1 H,0T In 25 ml of water acidifled with
025 ml of nitic acid {p=140g/ml), Dilute 1o
T 000 ml with water In a volumetric Rask. Filter I
necessary and delermine the éxacl concentretion
by fitration wsing sodium chloride slandard
volumaltie solulion (442 4) a5 described in 443

4437 Mixed indicater solution

Disscdve 0.5 0 of diphenylcarbazone and 05 g of
bromophenal blua In 75 mi of ethencl (4.4.2.1) and
dilute 1o 100 mi with ethanol. ¥eep in & dark bottle
in a relfrigerator,

443 Analysis

Bampla & known aliquot of lhe sample prepared ac-
cording to 4.0 and coniaining not moma e 20 my
of chipride ions, Determine the approwimate contenl
of chloride iong in the sampls solution by prelimi-
nary litration vaing mercuny(ll] nitrate {4.4.2 5]

If the afiguot of the sampls: solutlon contains: more
than 2,5 mg al chioride lons, perform the liration
using mercury(ll) nitrate standard volumetric sol-
utlon (4.4,2 5}

If the aliquot of the sample salution contains less
than 2.5 mg of chlorde lons, perform the titration
using mercury(ll] nilrate standard volumetric sol-
ulion (4.4.2 8} and a microbureite In Ihis case, per-
fiorm a hlank titration on 50 mi of water, If the afiquol
comaing less than 0,1 mg of chioride ions per litra,
evaparate a sultable volume o 50 ml,

Add 5to 10 solution
(4.4.27)

drops of mixed indicator

Il'a blue-viglel or red cofour develops add nitric acid
solution (44.22) drop by drop unlll the colour
changes to yellow and then add 1 ml maore of the
nifric acid solution. 0 & yellow or orange colour
forme immediately when the indicator is added, de-
velop the blue-violet cotour by adding sodium hy-
droxide sciution (4.4.2.3) drop by drop, then proceed
with the acidification
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Corrosion of metals and alloys — Removal of corrosion
products from corrosion test specimens

1 Scope

1.1 This International  Standard specifies proce-
duras [or the removal of comosion products formed
on mctal ond alloy corrosion lest spacimens during
their exposura in corroslve ervironments. For the
purpose of thig Internationzl Slandard, the lerm
“metals” refers io metats and afloys,

1.2 The procedures specified are designed to re-
move all corrosion products without significanl re-
mowval of base melal This allows an accurate
determination of the maze |loss of the meis! which
oeocurred during exposure fo the corrosive environ-
menl

1.3 These procedures may, In some cases, glss b
applied to metal coatings. Howewver, possible effects
from 1he subsirale must be considered,

2 Proceduras

2.1 General

2141 A lighi mechanical cleaning treatment by
brushing with a sofl bristle brush under Funning wa-
fer ehould firs! be applisd ta ramove lightly adherenl
of bulky ecorrosion producis In some cases, lhis
treatment will be sufficien! to remove all corrosion
praducts and no further treatment will be necessary

242 1 the treatment described in 2.1.1 does nol
remove all cormaslon producis i1 will be necessary
to use olher procedures. These are of three fypes:

A} chemical;
b} electralylic,
) more vigorous mechanlcal traatments.

Whichever method s used, It may be necessary fo
repeal the cleaning treatmeni to ensure complels

removal of corroslon producis: Removal shall be
confirmed by visual examinalion, The use of a low-
power mitroscope (Le. =7 lo =3 Is parficularly
helpful with & pitted surface when corrosion pro-
ducis may accumulaie in pils

21.%  An [deal procedurs should remove anly cor-
rosion products. and nol result 10 removal of any
base melal. Two procedures can ba usaed 1o confirm
ihis poinl. One procedure Uses a CoORirol specimen
{2.1.3.1-and 1he ather requires & cenain number of
cleaning cycles on the corroded specimen {2:1.3.3),

2441 Uncorroded control speclmans  which
should be simblar chemically, metalfurgicaily, and
geamatrically 1o the lest specimens, should be
cleaned by lhe same procedure 35 used for the tesl
gpiciman BY welghing the contral speciman bafore
and afier cleaning [weighing to the Tifth significant
figure |s suggested, &g a 70 g spacimen should be
weighad {o three decimal places) the metal loss
el from the cleaning may be determéned. The
maszs loss of the control spacimen will reflect the
maes loss of lest specimens resulting from the
cleaning procedure

2.1.22 The cleaning procedurs should bae repealed
sevargl limes with the corroded lesl spacimen after
removal of corroslon products is compleied The
mass can be shown on 8 graph as 3 lunclion of the
number ol equal cleaning cycles {see figure1). In
many caaes the masses obiainad in these cleaning
cycles (applied afler removal of corroston products)
will have a linear relation with cleaning cycles. Two
lines, AB and BC. will be obtained. Line AB charac-
terizes tha removal of carroslon products and may
nol always be wisible. Line BC characterizes the re-
moval of subsirate after the corrosion products are
gone. By exfrapolsfion of line BC 1o the ordinale
iz, we oblaln point © which characlerizes ihe
mass al zero number of cleaning cycles. In olher
cagses The relation may nol be linear and the mosl
appropriate extrapolation shall then be made,
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Heimstigr 54 £ B coties

Flgure 1 — Mass of corrpded spacimens afler
rapeiiive cleaning cyoles

4,33 The Trug mass of the speciman afisr re
apwal o fhe corrosion products will be belween
&inls B and D, depending on e degres of po-
eclion fermished hHy the cormsion prodacts during
he cleaning procedure

1.4 The pegfeered cledning method will be 1hat
mhich

o} provides efficient removal of corresion preducts;

b} provides low or Zere mass loss when appiied o
naw sncorrodad spacimens (see 11315

ol provides 3 ¢urve of moss 88 o function of the
numbar of clesning cycles, whish is close lo
horlzomlal wien the lalisr is plolted as the ab-
scigsa (see 7102}

215 When chemioal or efecteolylic procedures are
usad, soletions freshly prepared Wwith distiled or
delonized water and reagen! grade chemicats shall
ba pted.

218 Afer clegning, the maetsl specimen should be
thoraughiy riesed. first wiib tap water and fimalty
with dietifed waler. Thew the specimen shall be
dried ¥ o oven and gllowed fo cool in a8 desicoator
to the balafce reom temperafure Before weighing.
A alternative drying procedore is o Immerse The
melal specimen In an sthonol enlution and then dry
wilh an alr hand towar

2.2 Chemical procedure
Chemleal procedures involve Immersion of the cor

rosien test specimen in a chemical selution wiich is
spacifically desigred (o remove the cormesion pro-
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dutts with minimal dissofution of any base mealal
Suveral procedoras gre lisled fn oannex A (S58e
takle A 1)

2,29 Chemical cleaning s ofien precaded by ligh
Brushing of tThe [est speciman 1o remrave lightly ac-
herent, bulky corrasion products,

2457 Inlermiftent remroval of specimens frem 1ha
chemieal salullon or fight brusking can ofien facili-
late the removal of ighlly adberani compsion fro-
ducts

2.2.3 Chemical eleaning o ollan Tollowed by Tght
trrushing 10 remove foote prtducts

23 Elegtrolytic procedures

Elpctrohlic cleaning alap oan e used fo ramove
rorrGsion products. Sevaral methods of electrolytic
clganing of comrosion lest specifmens are given In
anrex A [ses labte AL

Electrafylic clesning should he preceded by light
tyushing of 1he lesl gpacimen to remove lghily sd-
Retenl, bulky vormmelon products. Breshing should
aise follow electrolylic clEaning 1o ramove any [Goge
slime or depogils This will help 1o minimize amny
vadeposition of metal from raducibie corrogion pro-
dircts, which would reduce the mass loss

24 MWechanical proceduras

Mechanical procedurar  can  ingluds scraping,
sorubbing, brushing. ultrasomic methods, thechan-
ical shock and impact Blasting (grit &fasting, waler-
je¥ higsling, €lc ). These mathods are ofien used io
jemove  heavily ssuiusled  fovmsion producis,
Scrubbing  with & brstte brush and a  mild
abrasiveldisiited waler elurry can also be dssd o
reqmisyn Eorresion prodocts

Vigoreus mechanicsl claaning will result in the re-
moval &f some basa melal, 8o care should e exer-
cised. These melhods should be used only when
ditrera fafl 1o provide adequate remaval of corrosion
products. As with tha oiher mefhody, correction for
melal loss dua o the clesning mathod (s rae-
srmended, The mechanics! fortes used in cfeaning
shofl he mairiatned as nearly constan! as possible.

i Testrapoii

The {esl repon shall includse the Wllowing Iffgrms-
{lal2)

a) referance lo this International Standard,

b} the procedure used lo réemove ConOSIOn pro-
fuets,



)

d)

e)

Appendix D

for chemical procedures, the composition and
concentration of chemicals employed, the sol-
utien femperature and the duration of cleaning;

for eleciralytic procedures, the composition and
concantrallon of chemicals employed, lha sol-
utign temperaiure, the anoda materlal and cur-
rent density, and the duration of cleaning:

for mechanical procedures, the specific meckhan-
ical method employed (bristle brush scrobbing,
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&)

)

wooden scraper, elc), any abraslve compounds
used, and the duralion of cleaning;

where mullipte proceduras ard used, the appro-
priate detalls for each method snd {he seagquanca
of mathods:

the resulle of conirel cleaning (see 2.1.3.1] of
from repetifive cleaning sfeps (see 21 3.3} de-
signed lo assess maes loss rom The removal of
bage metal during the cleaning process,

ihe mass loss due (o corrosion [See £1.0.0)
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Macro Program Used to find out the best fit value of Constants

Sub looping()

Cells(1, 10) =1

Cells(4, 10) =1

Cells(1, 11)=.1

Cells(4, 11) =0.1

Cells(1, 12) =1

Cells(4, 12) =1

Cells(1, 13) =0.1

Cells(4, 13) = 0.1

Cells(4, 14) =1

Cells(4, 14) =1

Cells(4, 15) =.1

Cells(4, 15)=.1

Cells(4, 16) =1

Cells(4, 16) =1
Cells(4,17)=.1
Cells(4,17)=.1

Cells(1, 18) = 0.001

Cells(4, 18) = 0.001

Cells(1, 19) =1

Cells(4, 19) =1

Cells(1,26) =1

Cells(4, 26) =1
Cells(1,27)=.1
Cells(4,27)=.1

Cells(3, 24) = 1000

For p=1 To 1000 Step 1
Fora=-0.1 To 0.1 Step 0.1
Cells(4, 10) = Cells(4, 10) +a
If Cells(5, 24) < Cells(3, 24) Then Cells(1, 10) = Cells(4, 10)
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24)
Cells(4, 10) = Cells(4, 10) - a
Next a

Cells(4, 10) = Cells(1, 10)

For b=-0.1 To 0.1 Step 0.1

Cells(4, 11) = Cells(4, 11) +b

If Cells(5, 24) < Cells(3, 24) Then Cells(1, 11) = Cells(4, 11)
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24)
Cells(4, 11) = Cells(4, 11) - b

Next b

Cells(4, 11) = Cells(1, 11)
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Forc=-0.1 To 0.1 Step 0.1

Cells(4, 12) = Cells(4, 12) + ¢

If Cells(5, 24) < Cells(3, 24) Then Cells(1, 12) = Cells(4, 12)
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24)
Cells(4, 12) = Cells(4, 12) - ¢

Next ¢

Cells(4, 12) = Cells(1, 12)

For d=-0.1 To 0.1 Step 0.1

Cells(4, 13) = Cells(4, 13) +d

If Cells(5, 24) < Cells(3, 24) Then Cells(1, 13) = Cells(4, 13)
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24)
Cells(4, 13) = Cells(4, 13) - d

Next d

Cells(4, 13) = Cells(1, 13)

Fore=-5To 5 Step 5

Cells(4, 14) = Cells(4, 14) + ¢

If Cells(5, 24) < Cells(3, 24) Then Cells(1, 14) = Cells(4, 14)
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24)
Cells(4, 14) = Cells(4, 14) - ¢

Next e

Cells(4, 14) = Cells(1, 14)

For f=-0.1 To 0.1 Step 0.1

Cells(4, 15) = Cells(4, 15) +

If Cells(5, 24) < Cells(3, 24) Then Cells(1, 15) = Cells(4, 15)
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24)
Cells(4, 15) = Cells(4, 15) - f

Next f

Cells(4, 15) = Cells(1, 15)

For g=-05To 5 Step 5

Cells(4, 16) = Cells(4, 16) + g

If Cells(5, 24) < Cells(3, 24) Then Cells(1, 16) = Cells(4, 16)
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24)
Cells(4, 16) = Cells(4, 16) - g

Next g

Cells(4, 16) = Cells(1, 16)
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For h=-0.1 To 0.1 Step 0.1

Cells(4, 17) = Cells(4, 17) +h

If Cells(5, 24) < Cells(3, 24) Then Cells(1, 17) = Cells(4, 17)
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24)
Cells(4, 17) = Cells(4, 17) - h

Next h

Cells(4, 17) = Cells(1, 17)

For j=-0.1 To 0.1 Step 0.1

Cells(4, 18) = Cells(4, 18) +]

If Cells(5, 24) < Cells(3, 24) Then Cells(1, 18) = Cells(4, 18)
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24)
Cells(4, 18) = Cells(4, 18) - j

Next j

Cells(4, 18) = Cells(1, 18)

Fort=-0.1"To 0.1 Step 0.1

Cells(4, 19) = Cells(4, 19) +t

If Cells(5, 24) < Cells(3, 24) Then Cells(1, 19) = Cells(4, 19)
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24)
Cells(4, 19) = Cells(4, 19) - t

Next t

Cells(4, 19) = Cells(1, 19)

For k=-5To 5 Step 05

Cells(4, 26) = Cells(4, 26) + k

If Cells(5, 24) < Cells(3, 24) Then Cells(1, 26) = Cells(4, 26)
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24)
Cells(4, 26) = Cells(4, 26) - k

Next k

Cells(4, 26) = Cells(1, 26)

For 1=-0.1 To 0.1 Step 0.1

Cells(4, 27) = Cells(4, 27) + 1

If Cells(5, 24) < Cells(3, 24) Then Cells(1, 27) = Cells(4, 27)
If Cells(5, 24) < Cells(3, 24) Then Cells(3, 24) = Cells(5, 24)
Cells(4, 27) = Cells(4, 27) - 1

Next 1

Cells(4, 27) = Cells(1, 27)

Next p
End Sub
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