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Abstract 

Titanium has the abilit to withstand extremely high seawater velocities with negligible corrosion. The inherent 
passive nature of the metal favours the attachment ofbio-organisms more. In this paper the biofouling characteri tics 
and the influence of macrofouJing on grade 2 titanium have been investigated in the Palk Bay waters of Mandapam 
(India) over a period ofa ycar.This work comprise both field exposure as well as laboratory studies. The deposits 
on titanium were analyzed with the XRD technique. Green algae such as Cladophorapsis zoolengeri, Cheatomorpha 
ar a hlorodeSlI/is hillibranclii, Entcromorphu intestinalis, Claclop~ora species and red algae species of Hypnea 
valentiae, and animals such as bryozoans and barnacles 4 rom in siz were identified on the titanium metal surface. 
The effect ofmacrofouling on corrosion of titanium was investigated by both impedance and polarization techniques. 
Titanium experienced negligible corrosion in seawater exposure with an appreciable fouling load of 
0.4527 kg.m 2y I. 
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1. Introduction 

Titanium alloys in seawater are passive and 
are most unlikely to suffer any form of corrosion 
[I]. It also has the ability to withstand extremely 
high seawater veloeiti with negligible attack 
[2]. It is an excellent material for applications 
involving handling ofhot seawater in desalination 

"Carre ponding author. 

and cooling water ystems. Titanium has n-type 
semiconducting oxide film, which has a cry tal­
line form (rutile) or amorphous form (anatase). 
Mandapam is a shallow coast and sunlight can 
easily activate the oxide film in dCt)'time, which 
can enhance the production ofH20 2 on the metal 
surface. Titanium cOlTosion resistance relies upon 
the formation of a very thin oxide film, which 
occurs spontaneously in air or water. As long as 
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this oxide film remains passive, cOlTosion rates 
for titanium will be insignificant. 

Hutchinson and et al. [3] reported on the 
apparent immunity of titanium to seawater by 
atmospheric jet impingement and seawater 
immersion tests. These results were confilTl1ed by 
Williams [4] along with additional infolTl1ation. 
Exposure up to 8 months in the atmosphere, in 
quiescent and rapidly moving seawater and onjet 
impingement had a negligible effect. LaQue [5] 
reported similar results for titanium exposed to 
marine environment for extended periods of time 
under marine test condition. Titanium alloys are 
immune to localized corrosion in seawater under 
ambient conditions and show little if any en­
noblement [6]. 

In spite of titanium's excellent cOlTosion 
behaviour, three problem areas pertaining to 
marine environments have been encountered [7]: 
(1) cOlTosion pitting observed at oxygen starved 
crevices when the seawater is heated to 250°F 
and above, (2) stress corrosion cracking in the 
presence of tensile stresses and a surface flaw and 
(3) stress corrosion cracking when stressed salt 
contaminated titanium is heated to 500°F or 
higher. Titanium and its alloys are excellent 
materials for applications involving handling of 
hot seawater in desalination and hot brines in the 
chemical industry. The main applications of the 
grade 2 titanium are high pressure heat exchan­
gers and piping systems in seawater desalination 
plants, offshore technology, and chemical and 
petrochemical plants [8,9]. Hence cOlTosion resis­
tant material, grade 2 titanium, has been selected 
in this study with respect to the fouling and elec­
trochemical behaviour in the seawater. 

2. Experimental 

Mandapam is a shallow, rocky coast, rich in 
algal flora and calcareous growth, pal1icularly 
barnacles and corals. The exposure site has been 
selected for the present study is in the Palk Bay of 

Table I 
Seawater characteristics of Palk Bay at Mandapam coast 
(October I 996-September 1997) 

Characteristics Max. Min. Ave. 

Surface temperature, °C 31.2 26.4 28.8 
Salinity, ppt 35.0 25.6 30.3 
Dissolved oxygen, mill 5.0 2.8 4.2 
Calcium, mg/l 332 329 331 
Magnesium, mg/l lIn 1158 1166 
Carbonate, mg/l 20.5 15.4 18.0 
Bicarbonate, mg/l 115 105 110 
Sulfate, mg/l 2165 2153 259 

pH 8.3 8.1 8.2 

Mandapam (longitude 79°8" east; latitude 17" 
north). The SW and the NW monsoons prevailing 
during the periods April-August and November­
Febnlary respectively influence climate in 
Mandapam. The existence of monsoon causes 
striking variations in the water characteristics at 
a site during different parts of a year and during 
the entire year between the Gulf of Mannar and 
Palk Bay. For instance, the seawater at Palk Bay 
is rough during the northeast monsoon whereas 
the one at Gulf of Mannar is calm. The reverse 
happens when the southwest monsoon takes over. 
Fouling therefore is very much influenced by the 
monsoon period since water currents detelTl1ine 
the type of larval or spores being transported. The 
seawater characteristics are given in Table 1. 

2.1. Material 

Specimens of grade 2 titanium, size 150 mm x 

25 mm x 1 mm with the following compositions 
were used. 
• Fe: 0.30% 
• C: 0.10% 
• N: 0.03% 
• Titanium: balance 

The specimens were pickled in respective 
cleaning solutions [10] and polished and holes 
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were provided on the top and bottom end of the 
peripherals of each panel. Duplicate panels were 
fixed in conventionally designed wooden rack 
u ing brass bolts and nuts where metal-ta-metal 
and mctal to wood contacts were pr vented using 
polyethylene insubtion. The wooden racks fitted 
with panels were tied to the stationely pile in the 
Palb:. Bay waters of Mandapam India, about 
0.5 M below the mean sea lev I in ord r to eftect 
the total immersion of the test specimens during 
th study period. The exposure tests were con­
ducted monthly, quarterly, half yearly, nine 
months and yearly. After retrieval, the panels 
were examined or the presence of fouling 
organi ms. 

2.2. LahoratOlY studies 

Coupons in duplicate sizes 5 cm x 2 cm were 
emplo ed for macrofouling studies. The studies 
were carried out both in natural seawater and in 
st riJized seawater for 3 months and 6 months 
respectively. Both DC polarization and EIS mea­
surements were carried out in a three-electrode 
cell con isting of working electrode, platinum 
auxiliary electrode and saturated calomel elec­
trode using an Electrochemistry System (Solarton 
1280B), and PAR Impedance Analyzer (6310) 
respectively. 

The metals after respectives period of expo­
sur were removed from the seawater and dried in 
an air oven at 60°C for an hour. Then the deposit 
was scraped from the respective panels and finely 
powdered. XRD studies were made (JDX8030) to 
identify the constituents of respective deposits. 

3. Results and discussion 

3.1. Fouling production and community develop­
ment pal/ern 

The general fouling organisms of the Man­
dapam coast, particularly in Palk Bay waters, are 
algae, bryozoans, barnacl and molluscs. Fig. 1 
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gives the fouling pattem on titanium. Green algae 
such as Cladophorapsis zoolengeri, Cheatomor­
pha area, Chlorodesmis hillibrandii, Entero­
morpho comprl!ssa, El1teromorpha intestinalis 
and Cladophora species were recorded in 
monthly exposure panels. Red algae species of 
Hypnea valentiae and blue-green algae species of 
Lyngbya majescula were also recorded. Animal 
specie of barnacles and blyozoans were re­
corded. Speci s of Cladophora, Cheatomorpha 
area, En!eromorpha intestinalis, Chlorodesmis 
hillibrandii, Cladophorapsis zooleng ri, and 
Centroc ras davulatum were recorded in quar­
terly exposed panels. Dense mat of barnacle of 
size 4 mm were recorded in yearly e posed 
panels, with a biomass of 0.4527 kg.m- 2 

The fouling load is the least in Mandapam, 
which is equal to the fouling load of copper at 
Tuticorin waters [11]. It can also be explained 
that the fouling load reveals the potential of the 
site and it can be assumed that the physical 
characteristics of the sea, viz wave and tide, may 
determine the wealth of the site. The surface 
appearance after exposure in natural seawater for 
the periods of 6 and 12 months is shown in 
Figs. 2 and 3. It was observed that the surface of 
6-month exposed panels experienced fouling with 
barnacles, and the surface of 12-month exposed 
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Fig. 2. Surface appearance of half yearly exposed titan­
ium in natural seawater. 

panels experienced with a dense mat of barnacles 
2 nun in size. Recent studies have shown that 
particularly in the coral reef environment in the 
Red Sea, various Chromista settlements, especi­
ally diatoms, were observed [12]. 

3.2. Corrosion behaviour of titanium 

Both monthly exposure and cumulative expo­
sure of titanium in natural seawater at Palk Bay 
experiences very low corrosion throughout the 
study periods. Even under the most aggressive 
conditions that existed during December 1996 
and January 1997, and also under the presence of 
heavy growths of barnacles and algae, adhered 
onto the metal surface, they do not promote 
pitting or other types of corrosion of the metal. 
Figs. 4-7 show the polarization behaviour of 

Fig. 3. Surface appearance of yearly exposed titanium in 
natural seawater. 

titanilUll in natural seawater and sterile seawater 
media for the period of 3 months and 6 months 
respectively. Table 2 gives the electrochemical 
parameters obtained by Tafel polarization for 
titanium due to macrofouling. In the 3- and 6­
month exposure periods, the f ellrr values of grade 
2 titanium in natural seawater arc in the rang, of 
0.22 and 0.25 /lA.cm", while the (orr values in 
sterilized seawater are in the range between 0.027 
and 0.065 /lA.cm2

. 

The lower corrosion current values in the 
sterilized seawater may be due to the case of 
passive film formation in comparison with that of 
natural seawater in which the oxygen supply to 
the metal surface is restricted by the affected 
biospecies. Besides, the polarization curves indi­
cate the lower passivation current in sterile sea­
water in comparision to that of natural seawater. 
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Fig. 6. Polarization behaviour of titanium in natural Fig. 7. Polarization behaviour of titanium in sterile 
seawater (6 months). seawater (6 months). 

Table 2 
Polarization parameters for titanium in.natural seawater (NSW) and sterile seawater (SSW)-maerofouling 

Medium SL no. Duration Ecorr' 

(months) mV 
lcorr 

~A, em 2 
ba, 
mV/dec 

be, 
mV/dec 

Corrosion 
rate, mmpy 

NSW 

SSW 

I 
2 
I 
2 

3 
6 
3 
6 

-175 
-71 
-145 
-70 

0.22 
0.26 
0.027 
0.065 

66 
13 
19 

48 
19 
17 

0.0037 
00044 
0.0005 
0.0011 

It is clear from the table that the feorr values are 
low in sterile seawater exposure compared to 
natural seawater exposure. But the Eeorr value is 
slightly higher in the 3-month period ofexposure 
in natural seawater. After the 6-month period the 

Eeorr values are identical in both the media of 
exposure. 

Videla et al. [13] reported that the biofouling 
species hinder passivation by retarding the trans­
port of chemical species able to cause passi­
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Fig. 10. Impedance behaviour of titanium in natural 
',eawatcr (6months). 

vation. From that it is infefTed that the passivating 
film disturbanc cau e the rate determination in 
th ystem. Both the ystems exhibit ennoblement 
behaviour and the values vary between -175 to 
71 mY in natural seawater exposure and -145 to 
-70 mY in sterile s awater exposure. There is no 
corrosion loss in the polarization technique which 
is confirmed by the weight loss technique. It can 
be assumed that the higher corrosion current in 
natural seawater may be due to the attachment of 
macrofouling organisms in the latter period. 

Figs. 8-1 l show the impedance behaviour of 
titanium in natural seawater and sterile seawater 
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Fig. 9. Impedance behaviour of titanium in sterile sea­
water (3 months). 
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Fig. 11. Impedance behaviour of titanium in sterile sea­
water (6 months). 

for the period of 3 and 6 months, respectively. 
The capacitative nature of impedance data shows 
that the titanium is passive in both media. The 
presence of passive film in both the media has 
also been confirmed by polarization studies. 
Figs. 12-14 show the XRD pattern of depo its 
formed on titanium in natural seawater for 3­
month, 6-month and 12-month periods of expo­
sure. The most predominant peak in the on -year 
sample is at 29.3° with d valu s of 3.046°A, 
which corresponds to calcium carbonate in calcite 
form. The halfyearly products show predominant 
peaks at 29.5 ° corresponding to d = 3.348 and 
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29.4 0 with d= 3.025 respectively. It is observed 
that quarterly and half yearly exposed panels con­
tain H2TiOJ and TiO. The yearly exposed panel 
shows the presence of calcareous deposits in the 
form of aCOJ. 

"
 

Corrosion of unalloyed titanium in ambient 
seawater of shallow condition is 8x 10-7 mmpy 
[14]. Due to passive nature of titanium, corrosion 
rates are typically much lower than 0.04 mmpy 
well below the 0.13 mmpy maximum corrosion 
rate commonly accepted by designers. A com­
parative analysis of the performance of titanium 
in the natural seawater of Kure Beach, N.C., 
flowing at 3 ftls. in a trough was nil for 483 days 
of exposure and also in 618 days of exposure. 
Similar results were observed for materials 
exposed for 480 days in quiet seawater in the 
basin at Kure Beach [2] whereas the same metal 
exposed for 120 days ofexposure at the same site 
showed no measurable weight loss [3]. It is 
evident that the corrosion behaviour of titanium 
in Mandapam Palk Bay waters is identical to that 
of Kure Beach, N.C. 

4. Conclusions 

1. Both monthly and cumulative exposure of 
titanium metal to natural seawater showed nil 
corrosion. 

2. Electrochemical studies showed that bio­
fouling did not affect passivity of titanium in 
seawater. 

3. The fouling load was found to be 0.45 kg 
m-2 y-l. 
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