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ABSTRACT

The aim of present study was to investigate the contribution percentages of the most effective
marine parameters in both individual and synergistic conditions. This analysis is known as a
valuable statistical method in synergistic studies. The austenitic stainless steels, AIST 304 and AISI
316 have been exposed to the synthetic seawater for this application. The experimental data are
obtained from potentiodynamic polarization scan. Fundamental parameters influencing corrosion
in this environment, salinity, velocity, pH and temperature are identified. Quantitative analysis
has been used to predict the value of variation applied to the corrosion rate via the full two-level
factorial experimental design method. This analysis results to the valuable engineering data, which
makes the comparison of parameters’ effect possible. Quantitative analysis can assess the effects
synergistically and considers all the possible contributions.
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INTRODUCTION

Marine corrosion is a costly worldwide problem. In addition to the huge cost in economic terms,
corrosion is also blamed for devastating pollution to the environment (Bardal, 2004; Yang, 2008).
Failure of operating equipment, like bridges and structures can have the disastrous results
{(Schweitzer, 2007; Duan et al., 2008; Shifler, 2005; Melchers, 2005; Masller, 2006), AISI 304 and
ATSI 316 resist corrosion very well in seawater (Schumacher, 1979; Jones, 2001; Schweitzer, 2007).
These alloys have been used in contact with seawater and many studies have investigated the
corrosion resistance of them in marine atmosphere (Melchers, 2006; Mor and Beccaria, 2004;
Schleich et al., 2008; Al-Malahy and Hodgkiess, 2003; Sefaja and Malina, 1985). In spite of all
these references, the effect of synergistic parameters has never been evaluated.

Temperature, flow velocity, pH and salinity are responsible for most of seawater corrosivity
{Cristiani et al., 2008; Al-Fozan and Malik, 2008; Ozturk and Grubb, 2005). Temperature and flow
velocity alter the value of corrosion rate by affecting the value of dissolved oxygen and
consequently the stability of the passive layer (Sasaki and Burstein, 2007; Bardal, 2004). The
present chloride ion, in seawater accomplishes the breakdown of passive layer, formed on the metal
surface (Schumacher, 1979). Salimity and pH affect and vary the corrosion rate by affecting the
barrier properties of surface layers (Bardal, 2004). Corrosion generally, is a statistical effect
governed by several variables such as environmental ones (Kkuma and Idenyi, 2007} and an
alteration in one parameter can affect the relative effect of others (Schumacher, 1979). In all
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previous studies, the effect of environmental parameters are studied just individually and the real
synergistic condition is not considered. In this study, the synergistic effect of marine parameters has
been evaluated via quantitative method. This analysis can describe the value of variation applied
to corrosion rate. In this study, the quantity of mentioned environmental effects was survived
individually and synergistically.

MATERIALS AND METHODS
Study area: Experiments were conducted in the Corrosion Laboratory of Materials Engineering
Department of Shiraz University (Iran) from November 2008 to October 2009,

Solution preparation: Experimental solution of seawater was prepared according to {(ASTM
D1141, 1999). The pH of solution, fixed by 5 molar sodium hydroxide solution (Zamanzade et al.,
2007). In order to prevent variations in species’ concentrations during the formation of deposits, a
large volume glass electrochemical cell (1000 mL) was used (Zamanzade et al., 2007). The
temperature of was set by the hot plate HP-840 and the fluid velocity was fixed by the mechanical
stirrer, Heidolph RZR 2021. Salinity (the total weight in grams of solid matter dissolved in 1000 L
of water) determined by measurement of chlorinity in the seawater (Schumacher, 1979; Roberge,
2000).

To achieve the desired salinity, the chloride-ion content was adjusted by changing the quantity
of sodium chloride as the main part of seawater composition, while the value of other spices was
fixed acecording to standard.

Sample preparation: This study exammned the corrosion rate of commercially supplied austenitic
stainless steels, AISI 304 and AISI 316 specimens. These alloys were obtained in rod form (12 mm
diameter). The samples were first embedded in epoxy resin then, they polished successively with
metallographic emery paper for increasing fineness of up to 1200 grits. Then, they were washed
by distilled water, degreased by ethanol and dried by cool air.

Electrochemical method: A Standard Calomel Electrode (SCE) was used as the reference
electrode and Pt gauze as the auxiliary. The samples were tested exactly after being immersed for
5 h in the solution of controlled cell. Electrochemical experiments were performed using a p Autolab
type III/FRAZ electrochemical interface potentiostat—galvanostats. For potentiodynamicpolarization
experiments the potential was scanned from about -0.3 V to +0.3 V across the corrosion potential
to achieve the linear range and the scan rate was 0.005 mV sec™ to maintain a stable corrosion
potential and a steady-state behavior (Perez, 2004). The instruments were controlled by the GPES

1

version 4.9 software program. The corrosion rates, in mm year ' were determined using Tafel

extarapolarisation method (Yang, 2008).

Analysis method: Four parameters were chosen as mentioned earlier: salinity, pH, temperature
and velocity. Each parameter was set at two levels, so there were 2x2x2x2 = 16 trials (Meng et al.,
2007). The salinity was set. at 30 and 40; pH trials were at 7.5 and 10.5, velocities were adjusted
at 0 and 1000 rpm and temperature was fixed at 23 and 65°C. These ranges were defined according
to varation limit of environmental parameters in the most natural seas. For each condition, at least,
three tests were carried to malke sure about the reproducibility of the results. According to the full
two-level factorial experimental analysis, each parameter should be applied in both high and low
intense conditions. All the possible trials, which satisfy this phenomenon, are shown in Table 2. In
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Table 2, each parameter 1s considered in both low and high levels shown by 1 or 2 signs and all the
possible trials resulted from the combined action of parameters in each of the low or high levels are
also gathered. For example, trial 4 represents the condition in which velocity and temperature are
applied in high levels, while pH and salinity are in their low levels.

RESULTS

Corrosion rate results: In all conditions, the corrosion rates of AISI 304 and AISI 316 calculated
by Tafel Extarapolarisation Method and gathered in the Table 2. The C, relates to the corrosion
rate of trial condition n, as in Table 1.

Quantitative analysis results: Quantitative analysis is capable of providing statistical data,
which is very valuable in engineering designs. Quantitative effects of environmental parameters
and their interactions on varying the value of corrosion rate were calculated by the analysis of
variance via factorial experiment. Factorial experiment is consisted of two or more factors, each with
discrete possible values or levels and takes on all possible combinations of these levels across all such
factors. Using four factors each taking two levels, a factorial experiment with sixteen treatment
combinations in total was defined, which resulted to a 2x2x2x2 factorial design. As a first step, the
average effects of the factors for each level were calculated. The pH factor is at the low level for tral
conditions 1, 2, 3, 4, 5, 6,7 and 8 in Table 2. Hence, the calculation for the average effect of pH at
the low level is shown:

Table 1: Design matrix for a four-parameter, sixteen-run experiment

Trial pH Salinity Velocity Temperature Corresponding corrosion rate
1 12 1 1 1 o}
2 1 1 1 2 Cy
3 1 1 2 1 C;
4 1 1 2 2 Cy
5 1 2 1 1 Cy
6 1 2 1 2 Cs
7 1 2 2 1 ol
8 1 2 2 2 Cs
9 22 1 1 1 Cy
10 2 1 1 2 Cro
11 2 1 2 1 Cn
12 2 1 2 2 Cis
13 2 2 1 1 Cia
14 2 2 1 2 Cra
15 2 2 2 1 Cis
16 2 2 2 2 Cis

“The No. 2in this matrix represents high level of all parameters, while 1 represents low level

Table 2: Corrosion rate results gathered in trial conditions

Corrosion rate (mm year™') C,y Cs C, C, Cg Cs Cy Cs
AISI 304 1.048K-3 3.762K-3 5121K-4 4.303K-3 4676K-4  3.311K-3 1.029K-3 1.480K-3
AISI 316 6.472E-4 1.122E-2 3.392E-4 3.112E-3 8.474E-4  2.650E-3 7.862E-4 5.568E-2
Corrosion rate (mm year™') Cy Ciyg (&) Cig Cis Ciy [ Cig
AISI 304 2.371E-4 7.060E-2 2.511E-2 4.736E-3 1.325E-5 1.761E-3 1.944E-3 6.119E-2
AISI 316 2.960E-4 2.424E-2 1.027E-3 7.908E-2 3.805E-4 1.184E-3 3.638E-3 1.637E-2
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C, = U8(C,+C,+C,+C,+C,+C+C,+Cy) (1)

where, C,, C,, C,, C,, C,, C,, C; and C, are the corrosion rates in Table 2. The others including all
interactions computed in the same manner as Cj;. The values of average effects of the factors for
each level and are shown in Table 3. Where, C,,  refers to average effects of the factorn and 1 or
h refers to the low and high range respectively. C,,  relates to corrosion rate of trial conditions
1, 2...., 16 as tabulated in Table 2. 3, T, V, P refers to salinity, temperature, velocity and pH. The
next step in this analysis was defining the Sum of Squares (55).

For example, the sum of squares due to pH factor is calculated using the following formula:

88, =2(C,-C,)" + 2C,-C)* (2

where, G and C, refer to the average effects corresponding to the pH low and high levels and C_
is the average corrosion rate for 16 trial conditions. The sums of squares for other factors including
possible interactions were computed in the same way and are tabulated in Table 4. The 55 refers
to sum of squares related to parameter n. S, T, V, P refers to salinity, temperature, velocity, pH as
before and the combined form of them corresponds to the synergistic action of mentioned

parameters.

Table 3: Average effects of the factors for each level

Parameter Calculated value for AISI 304 Calculated value for AISI 316
Cry 1.015E-02 5.183E-03
Cpy 1.254K-02 2.000E-02
Cig 1.379K-02 1.500E-02
Chg 8.899E-03 1.019E-02
Cp 1.989E-03 9.410E-03
Crp 2.070E-02 1.578E-02
Cir 3.795E-03 9.953E-04
Chr 1.889E-02 2.419E-02

Tahble 4: Sum of squares of factors and their interactions

Parameter Calculated value for AIST 304 Calculated value for AISI 316
SSy 5.703E-06 2.197E-04
SSg 2.390E-05 2.307E-05
S5, 3.501E-04 4.054E-05
S5y 2.279E-04 5.381E-04
SSys 2.961E-05 2.427E-04
S8y, 3.558K-04 2.602K-04
58,5 3.740K-04 6.361K-05
SSqr 2.518E-04 5.612E-04
S8,r £.780K-04 5.786K-04
S8y 2.336K-04 7.H77TE-04
SSqvr 2.575E-04 7.808E-04
S8y 8.837E-04 7.983E-04
SSer 6.019E-04 6.017E-04
SSvep 3.797E-04 2.833E-04
SSyper 6.076E-04 8.214E-04
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Tahble 5: Contribution percentage of each factor

Percentage
Parameters v S P T NG VP P ST
ATSI 304 0.117 0.4917 7.202 4.689 0.609 7.319 7.693 5.181
AISI 316 3.343 0.3510 0617 8.189 3.604 3.960 0.968 8.540
Percentage
Parameters PT VT SVT VPT PST VSP VPST
ATSI 304 11.890 4.807 5.298 12.010 12.380 7.811 12.500
AISI 316 8.806 11532 11.883 12.149 9.157 4.311 12.500

The final part of the analysis was obtaining the percentage contribution with the Kq. 3:

K (%) =88, /(S8 + S8, + 58S, + 95, + 88, + 98, + 88, + 88, + ()
S8pr + 88yp + 88gyr T SSypr T SBpsy + 88y + SSyper ¥ 100%

where, K is the factor that its effect should be calculated. For example, 8T% is the percentage
contribution of combining action of salinity and temperature. Table 5 contains the final results
about the percentage contribution, which illustrates the quantitative effect of parameters on
varying the value of average corrosion rate, while acting alone or synergistically.

DISCUSSION

Quantitative discussion

Stainless steel 304: Temperature has a remarkable contribution percentage. This result is
expected according to previous studies (Sasaki and Burstein, 2007; Bardal, 2004; Maller, 2006;
Melchers, 2005; Jones, 2001; Al-Malahy and Hodgkiess, 2003). The obtained results support the
previous outcomes obtained by qualitative method too (Atashin ef al., 2010). According to the
theoretical bases, high temperature reduces the amount of dissolved oxygen and prevents the
formation of passive layer.,

The contribution percentages of combined action of parameters are higher in the presence of
temperature, This result satisfies the predicted outcome, given by qualitative method
{Atashin ef af., 2010). Qualitative method results show that the temperature is such a dominant
factor that neutralizes the other factor's effect, to some extent. The previous qualitative results
support the quantitative data obtained by this method, which consider the temperature as a factor
that increases the value of contribution factor of the other factors, while acting synergistically with
them. These kinds of results have not been considered in previous researches that considered
individually actions, not the synergistically ones.

Most of the contribution percentages are less than 10%. On the other hand, the contribution
percentages of synergistically acting parameters are higher than single-acting ones. So, the
remarkable role of interaction is obvious and the effect of synergistic action is observable. It shows
the great value of considering the effects in synergistic manner in comparison to previcus studies,
which considered the individual effects (Sasaki and Burstein, 2007; Bardal, 2004; Mgller, 2006;
Melchers, 2005; Jones, 2001; Al-Malahy and Hodgkiess, 2003},
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The pH has a high contribution percentage, while the contribution percentage of velocity is low.
It shows that pH, by affecting the barrier properties (Bardal, 2004) has a larger effect than velocity
by affecting the oxygen transport to the metal surface (Sasaki and Burstein, 2007; Bardal, 2004).

The most influential parameter is VpST, which shows the synergistic action’s effect of all 4
parameters. After that, pST and VpT play the relatively important reles in varying the value of
corrosion rate.

Stainless steel 316: By considering the data of Table 5, it is cbvicus that temperature has an
important role in varying the corrosion rate of AISI 316. These results are expected and similar to
which is reported in previcus researches (Sasaki and Burstein, 2007; Bardal, 2004; Maller, 2006;
Melchers, 2005; Jones, 2001; Al-Malahy and Hodgkiess, 2003). As the temperature gets higher, the
amount of dissolved oxygen reduces. This prevents the formation of passive layer, so the corrosion
rate increases in higher temperature and this factor can cause to the marked effect on the corrosion
rate of active-passive alloys, like AISI 318, This result supports the obtained data of qualitative
analysis (Atashin ef al., 2010).

Temperature increases the value of contribution percentages significantly, while being added
to the other parameters. It 1s a surprising result which has not been considered in individually
researches (Sasaki and Burstein, 2007 Bardal, 2004; Mboller, 2008; Melchers, 2005; Jones, 2001;
Al-Malahy and Hodglkiess, 2003).

In this kind of stainless steel, like AISI 304, most of the contribution percentages are less than
10% and the contribution percentages of synergistically acting parameters are higher. It really
proves the importance of synergistically researches that considers the real condition. As can be seen
here, 1in individual researches, the most contributing parameters are ignored. In previous
qualitative analysis (Atashin et af., 2010), the effect of one parameter can be influenced by the
others and its variation direction may be reversed and the great role of combining action is obvious
too. Both these analysis, showed undeniable role of synergistic action.

The pH has a low contribution value in AISI 318, while the contribution percentage of velocity
is high. It shows that in contrarily to AISI 304, velecity, by affecting the oxygen transport to the
metal surface (Sasaki and Burstein, 2007; Bardal, 2004) has more functional effect than pH, by
affecting the barrier properties (Bardal, 2004).

The most influential parameter is VpST. VpT and SVT are the next two effective parameters
for AIST 316 that affect the variations of the value of corrosion rate.

CONCLUSIONS

The following conclusions can be drawn from this quantitative study:

* (QYuantitative analysis 1s incapable in predicting the variation direction of corrosion rate, but its
specific importance in providing the quantitative data malkes it really valuable. This makes the
pre estimates possible, in engineering designs and result to comparative studying of effective
parameters

*  Synergistic action of parameters always increases the contribution value of parameters in
variation of average corrosion; it is really valuable in engineering designs, in which the
acceptable safety factor 1s vital

¢ In both AISI 804 and AISI 216 samples, temperature has a remarkable effect on varying the
value of corrosion rate
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¢ The pH has a high contribution percentage on varying the corrosion rate, in AISI 304 and low
contribution value in AIST 316

* The contribution percentage of velocity on varying the correosion rate is high in AISI 316 and
low in AISI 304

*  According to the obtained contribution percentages of parameters on varying the corrosion rate,
the corrosion rate is not largely affected by each of the factors separately and the sharp role of
interaction is obvious
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