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ABSTRACT
Pitting and crevice corrosion susceptibility of some
super austenitic stainless steels in sea water were
determined by field tests and laboratory examinations
and analysis. This paper reports the observed corrosion
susceptibility behaviour of the tubes’ alloys. The inner
surfaces of the steel tubes were exposed o flowing sea
water a specially designed tests rig. The steam chamber
part of the rig which was subjected to elevated
temperature was the region where the middle portion of
the tubes were located. After splitting in the
laboratory, the tubes from the field test were examined
with optical macro-/microscope (Wild M3C Model) and
the scanning electron microscopy (S. E. M.). Analysis
of the corrosion deposit was performed with the S. E.
M. equipped with Energy Dispersive X-tay (EDAX)
spectrometer, and the X-ray Diffraction spectroscapy
( YRD) Though all the allo ays, except the 316L, were

baes —aa

fcund to be generaliy corrosion resistant, substantial

“crevice corrosion occured under yae stongly adberent

calcareous layers deposited in the steam chamber
portion of the tubes as observed in ome of the runs
made. :

i

INTRODUCTION ’

The need to improve the length and predictability of
service and to lessen the increasingly arduous task of
conditions of heat exchanges in chemical mdustry such
as the sulphuric acid manufacture and in condensér

elements on reducing it (1-10). }t has been suggested

that nitrogen in sustenitic stainless cteels ic alsn an

effective element to improve the resistance to pitting
and érevice corrosion (3:6:7). Streicher (10) has also
observed that the combined addition of molybdenum,
nitrogen and silicon provided effective corrosion
resistance behaviour to type 316 stainless steels.

It has been widely reported (11,12,13) that metal
surfaces immersed in natural or industrial waters
undergo a sequence of biological and inorganic changes
that lead to biofouling and passivity respectively.
Some of the ways in which biofilm may influence
corrosion processes has been reported (14 -16).

In the super alloys w1~ study, the effects of biofilms
in sea water has not been much documented. However,
further work os: this is at present’ uider investigation.

In °° work, corrosion resistance or behaviour of
ditterent types of super austenitic stainless steel alloys,
in tubes, in which sea water was made to flow through,
in a specially designed test rig located at HBOI,
Florida, was studied by metallographic, electron-optic
and spectroscopic methods. The work aims at making

. a significant contribution to the development of an

understanding of the performance and service life of
these super austenitic stainless steels in sea water

_ -environment.

tubes at power plants cooled with sea water necessitated -

the present interest in the use of super austenitic
sta'nless steels. These super austenitic stainless steels
consist of high chromium (minimum of 20%); high
molybdenum (minimum of 6%), nitrogen, silicon and
in some cases copper. 316L alloy was used in this
work for comparison purpose. Because of the hxgh
chloride concentration in sea water, the high service
temperature, and biofouling among other factors,
Stainless steels are susceptible to pitting and crevice
corrosion. Chromium and molybdenum of stainless
Steels have been recognised tc strongly influeace the -
Tesistance of stamless steels to localised corrosion.

There have been many literature reviews and several
Studies on pitting corrosion and the effect of alloying

EXPERIMENTAL METHODS

Field test

Nine tubes, each 2.14 metres long and 19 mm dia.,
made of different alloys of varying chemical
composition, - Table 1, were used for the field test. A
specially designed test rig located at the HBOI -

* Harbour Branch Oceanic Institution, Florida, was used

for the test runnmg The tubes wei ¢ specially fitted in
the test rig in such a way as to permit uniform flow of
sea water whichv  “eing pumped through. There was

‘a steam chamber about 0.305 metres long located in

about the middle portion of the tubes length and at
which a predetermined steam temperature was
maintained. Several test runs were made each lasting
for 60 days averagely. New sets of tubes were used for

Al
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~portions, of two different test runs,
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each test run. The water flow rate varied from one test
run to ‘another and it was predetermined. Table 2 gives
a summiary of the field test operating parameters. After
each run, the tubes were brought to the laboratory after
cutting to some specified lengths for further
examination and analyses.

Izﬁbratofy“eiéthiniti“dn ‘and ana‘-l'ysejs‘.vv I
The cut tubes .were .cach’ split inio iwo 'in‘the
laboratory, with the weldment being at one part. The

split tubes (already with biofouling) were then cleaned .

with water, detergent solution and hand briash. In'some
instances, photographs of the split tubes before and
after cleaning were taken before further examination
with the Wild M3C Model Optical macro/microscope.
This microscope was used to observe the whole length
surface of each tube to locate the occurrence or site of
any pit or local corrosion attack sites.

Some of the microscopic corrosion pits™ mlcrographs
were taken with the Scanning electron microscopy (S.

CECM.).

onfllm/corromon deposnt
analyses

Some of the cut ring samples, wnh the inner tube
surface biofilms - specifizally, the tubes made of 904L
and 316L alloys from th J steam chambe: @nd the outlet
were dried
(dehydrated) in an oven at 1GC ©C for 4 hours zfter the
distillcd-wvater and aceton€ Cleaniing: The specimens

composntlon

were each split into two and their surface biofilm

composition analysed ‘with the EDAX (Energy
Dispersive X:ray) spectroscopy. The specimens used
for the analysis were randomly selected. Further
analysis was performed on the corrosion deposit, steam
chamber’s portion biofilm and the tube’s outlet
biofilm’s composition using the x-ray Diffraction
{XRD) technique and the EDAX. This was done on a
selected tebe, made of AL6XN alloy, that was used in
two consecutive runs. This tube experienced variable
operating parameters for a total of 120 days.

RESULTS

Visual, Metaiiographic and S. E. M.

examinations

The biofilm on the inner surface of all the tubes, in
general was slightly thick but easily removed-with hand
brush and water. The biofilm in the steam chamber
portion was either very light, non-existent or ‘Jvith
strong adherent calcareous deposnt as observed in one of
lhe test runs.

The super aus(enitic stainless steels were generally very
corrosion resistant. The 316L used along with them
was nat ‘corrosion resistant. 1t failed visibly in all the
test runs. it was used for comparison purpose: All the
other steel alloys corroded slightly with very little
microscopic pits in the steam chamber and the steam
outlet. Quite a number of microscopic pits or sites of

:-one-of the test runs was quite:different. The sf

- more of Si, P, Al and Ca in decending other, figure 10.

local corrosion attack were obtained along the weldy,
of the tubes made with AL6XN alloy in all the (]
runs. Most of the corrosion attack observed were ,
deep penetrating. They were shallow, flat, and s, %
roundlsh ﬁgurel , .
T, . o ‘1
The bloﬁlm covermg the msnde surface of the tubes ( - 4

dxfference was more noticeable in the steam chamu‘
‘portions.” The biofilm was very strongly adherent
the metal surface for all the tubes. Brush and s 8
solution could not remove this. If had to be scrapel
with the other metallic end of the brush used. " ]
under the adherent biofilm, were different forms P
_corrosion attack, mainly macroscopic, figure 2. AE
“summary of this'result is presented in figure 3. All 1§
tubes had corrosion attack under the deposit but ¥
varymg degrees. Figures 4 - 7 are further mdlcatxons d 4
the corrusion attack on some of the tubes. ok
corrosion attack occurred in the tubes made of 25§
SMO (S31254) alloy followed by those made of 19
HMO (NO8925)_alloy. The corrosion attack :
concemrated mamly in the steam chamber portion. N
EDAX spectmscopy anaiysxs ' ‘
The EDAX spectroscopy analysis results showed the :
presence of many chemical elements as presented, %t §
example, in Figures 8-12. The biofilm collected f.om
the steam chamber portion of the tube made of 904L§
(N08904) alloy, figure 8, consists of Ca and P in)
addition to Fe, Cr and Ni~The-tube’s outlet biofilm »-
aooears to consist more of Fe, Si, and Cr. The steamr
chamber’s portion biofilm of the tube made of 36L
alloy, figure 9, consists of Si, Mg, P, Cl, and Ca
among others. This tube’s outlet biofilm consists

The corrosion deposit taken from a macroscopic pit in
one of the tubes made of AL6XN (NO8367), consists
relatively more proportion of Fe, Cr, Si and Ca. The
presence of S and Mo is very diffizvlt to ascertain as
both share the same signal. The two elements would
likely be present together. The tube’s outlet portion
biofilm consists more of Si, Cl, Ca and Fe in
decending order. Ca was more predominant in the
biofilm obtained from the steam chamber portion of the
same tube. This was followed by the presence of Si,

Mg, and Fe. The biofilm in the steam chamber was
very a{‘]herpnt to tho h\hp ¢ innar curface,

X-ray diffraction analysis.

The results obtained from the x-ray diffraction analysis
of the corrosion deposit from a pit located at the steam
chamber’s portion of one of the tubes made of AL6XN
(NO8367) alloy, and the biofilm from the steam
chamber and the outlet portions «f the tube are
presented in figures 11 - 13. : The corrosion deposit
consists of many phases of which the major ones are:
FeyO3, (Fe304) Fe(CrO4) OH; and amorphous
materials (substantial amount). Different phases were
also present in the tube’s steam chamber portion
biofilm of which the major phases are:
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Cay(5103)3(0OH)9; calcite and  aragonite - CaCOg;
spine'l - MgO - like structure material and very small
amount of biofilm and amorphous materials. The
biofilm from the tube’s outlet portion consists of:
NaCl as the major crystalline material; CaCO3; very
small amounts of FeOOH; and- other crystallme and
amorphous materials. L

DISCUSSION ~ . - ° .0 4

The over-all results obtained, suggest that all the alloys
are relatively corrosion resistant under some particular
testing conditions except the 3LgL. which was generally
non-corrosion resistant in sea water throughout the
testing period. Though tested with other super
austenitic stainless steels, 316L (S31603) alloy does
not actually belong to this category of steels because of
its relatively lower Mo content.” The general statement
above, about the relative corrosion resistance of the
alloys, does not, however, hold under some particular
testing condition(s). This assertion could be indicated
with a situation whereby a strong adherent calcareous
layer deposit occurred as observed in one of the test
runs in this work. It led to under deposit corrosion in

- the steam chamber portion of all the steel tubes tested

though to varying degrees.

In general, the corrosion attack resistance of all the
alloys tested, except the 316L., was attributable to the
very high alloying contents of the steels - particularly
the Mo, Cr, Ni, N and to some extent, Si and Mn. As

carlier mentioned, these metallic elements have been.

known (1-9) as providing stable passivity for the

‘corrosion resistance of these alloys in corroding media.

The-1ngh Mo content, in particular, has been found to

have verv high stable passivating effect (1-4)
However’/,," the slight differences observed in the
magnitude of their corrosion resistance capability, could
be due, among others, to the influence of their variable
metallurgical compositions and/or their surface
finishing characteristics as presented in Table 1, and
exemplified in figures 16 and 17. .
The significant observation in this work is that
substantial crevice corrosion attack occurred in the
steam chamber portion of the tubes when there was
strong adherent calcareous layer deposit.” This situatiun
was observed only once throughout the whole test runs
made. Even when crevice condition was designed into
some of the tubes, crevice corrosion attack occurred
conspicuously -at the longitudinal end of one of the
tested tubes - 1925 HMO. The situation that has made
the calcareous deposit possible is very difficult to
explain precisely. This was because most of the test
funs were carried out under’ sxmxlar operating
ccnditions;. though semie wiili intentional and
u"lmentlonal variations. An attempt to reproduce the
Slrong, adherent and stightly thick calcareous deposit on
:oe metals surface did not succeed.” This’ might be due
mc(l)lnavmdab]e irregularity and anomaly of some
mhe"sttent stoppages caused bv powar fatlures among
'S during the tests. .. S -

-
-
——

The tests were performed during different periods of the
year. The seasonal variation could ‘influence the
amounts of dissolved ions-/chemicals in the sea water,
especially the calcium carbonate and magnesium

carbonate/sulphate species(”) These situations could
account, in part, for the dlfference obtamed from one

: test run to another.

The prcblem created by the operating anoraaly (such as
stoppages) in the steam operating conditions could
affect the non-uniformity of results; pariicularly with

_respect to calcareous deposition. The test rig operating

conditions, with its elevated temperature at the steam
chamber portion of the tubes could disturb the balance
between the calcium compounds and CO1 in the sea

water used. This type of situation has been known to
promote abnormal deposition of calcium carbonate on

metal surfacest!8). The strong adherence to the metal
surface could be due to the high wall temperature. The
high steam operating temperature would cause further
precipitation of the CaCO3, MgCO3, and Mg(OH),
etc. in the sea water flowing through the steam

chamber(lg) Their solubility decreases with increasing
temperature

Deposition of calcareous Jayers is very much caused and

enhanced by increase in pH of the sea water(zo 24),
The high steam temperature did not only disturb the
calcium compounds and CO, balance of the sea water,

but alsp caunsed oxygen depletion within the steam
chamber. The latter phenomenon would not only cause
less passtvity to the steel alloys but also increase the
‘sea water all\almrty and pH, with the consequential -
calcareous deposition which were mamly calcite and
aragonote as confirr-_J by the x-ray d ffraction analysis.
Bacteria were not detected at the stezim chamber section
of any of the tubes where under-deposit corrosion attack
occurred, and could not therefore be considered here.

The condition under the calcareous layer would be that
of severe oxygen depletion and increased alkalinity - pH
at the metal - electrolyte (sea water) inerface. Thisin
combination with the high chloride ions from the sea
water, and the carbonate and sulphate ions, would cause
the depassivation of the tube’s metal passive film. As
a result, anodic and cathodic corrosion sites were created
leading to anodic and cathodic corrosion ‘reaction.

Crevice corrosion then occurred by the metal’s anodic
dissolution under the deposits. The corrosion reaction

kinetics was definitely aided by the elevated temperature .

Mechanistically, the over-all corrosion process must be
that of synergism aniong the various factors involved,;
and crevice condition(s) must be available before any
reasonable cbrrosion attack (crevice) could occur. ,;,f o

The EDAX spectroscopy analysrs (frgures 8 10)

confirm the tubes’ surface biofilm enrichment at the
different areas of the tubes as consisting of different
chemical elements. . These include Ca, Mg, Cl, P, and_
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Si. The particular effect of these chemical elements on
the biofilm structure, corrosion characteristics biofilm
properties and hence on the corrosion of the tube metal
alloys is not very clear. However, while chloride ions

(CI) would make a significant contribution towards the
depassivation of the alloys’ protective film, others such
as Cr, Ni, Mo, Mg and Si were presumably giving
some beneficial effects of stabilisi the “oys
protective f  while at the same time preventing the
biofiliu's growth that couid lead to increased corrosion
among other adverse effects.

The x-ray diffraction analysis confirms that the biofilm
in the steam chamber was more enriched with Fe, Ca,
and Mg than the outlet biofilm. It further confirmed
the presence of O3 - calcite and aragonite, as the
major composition of the calcareous layer deposited on
the metal’s surface which provided ~uitable crevice
condition for corrosion attack.

CONCLUSION _
1. All the super austenitic stainless stéels gave
" . general impressive corrosion resistance in sea water
 depending on the test conditions.

2. The 316L alloy, albeit not super stainless steel,
was susceptible to pitting and crevice corrosion
attack in sea water under all the testing conditions
but more at ,e!evated temperature(s) in the steam

) Cncunucﬁ

3. All the alloys were susceptible 1o crevice corrosion

attack but at varying degrees. Any condition that
could create crevice environment during the use of
these super austenitic stainless steels (in sea water)
must be avoided.

4. Alloys 254 SMO (S31254) and 1925 HMO
(NO8925) showed superior corrosion resistance
relatively.

5. The role of the chemical elements and compounds
within the biofilm matrix is not yet very clear, but
some such as Cr, Ni, Mg, Mo, and Si, seem to
contribute to stabilising the protective passive
films on the metal alloys surface. Others such as
CaCO3, MgCOj - sulpliaies and hydroxide form
the major constituent of the calcareous deposition
and created crevice condition(s) on the metal surface
for crevice corrosion attack. Calcareous deposition
is definitely not good for these alloys in sea water.

ACKNOWLEDGEMENTS

This work was supported by grants from Chemetrics
International Company Ltd; The University Research
Incentive Fund (Province of Ontario), and the Natural
Sciences and Engineering Research Council of Canada.

The work was done at the Corrosion laboratory, '

: 10 M>A. Streicher, J. Eletrochém. Soc. 103, 375

16. W. G. Characklis and K. E. Cooksey, Advances i

McMaster University, Hamilton, Ontario, ln{
collaboration with Prof. M. B. Ives.

REFERENCES 4
~A. J. Sedriks, “Corrosion of stainless steels' .‘
Wiley Intersci 1979 pp. 70 - 74. 1

2. Z. Skzlarska-Amialowska, “Pitting Corrosion g ”
Metals”, NACE, 1986, pp. 145-156.

3. T.P.Hoar, J. Eletroch. Soc 117, p.170, (1970).
4. J. R. Ambrose, Corrosion, 34, P.27; (1977).

5. J.E. Truman, M. J. Coleman, K. R. Pirt, Brit |
Corr. J. 12,236, (1977. =

6. J. Eckenrod, C. W. Kovack, ASTM STP 679,
pp.17, (Philadeiphia, PA, 1977),

7. K Osozawa, N. Okato, in "Passivity and its

Breakdown on Iron and Iron Based Alloys”, NACE, §

Houston, TX 1976, pp.155.

8. R. Bandy D. Van Rooyen, Corrosion, 39, 227, {

(1983). )
9. A.3J. Sedriks, T4t Metal. Reviewa 28, 306,
(1983). .°

-

(19567)

11. W. G. Characklis, Biotech. Bioeng. 23, 1923 -

1960 (1981).

12. J. W. Costerton, G. G. Geesey and K. J. Cheng,
Sci. Amer. 238, 86-95, (1978). ‘

13. H. A. Videla, in ~Structure and Function of }

Biofilms” eds. W. G. Characklis and P. A.

Wilderer, Chichester, U. K. (John Wiley & Sons {

Ltd). pp. 361-320, 1989a.

14. G. J. Brankevich, M. L. F. de Mele and H. A.
Videla, MTS J., 24, 3, pp. 8, (1990).

o
h

. W. G.- Charackiis, B. J. Littie and M. S.
McCaughey, 'Biofilms and their effect on local
chemistry, EPRI Workshop on Microbial Induced
Corrosion, Charlotte, North Carolina, pp. 47,
{1988).

Applied Microbiology, 29, 93-13¢, (1983).
17. R, H. Heidersbach (Chairman), “Marine

Corrosion”, Metals Handbook, pp.894, ASM
International (1987). Ninth edition.

18. F. L. Laque, Marine Corrosion, pp. 95-112, John |

- Wiley & Sons, (1975).

1992 NIGERIAN CORROSION ASSOCIATION

‘19.

20.

21.




tario, in

5

i steels”,
~-rosion of

), (1970). "

.

T d s
ys”, NACE,

u; 39, 221,
28, 306,
103, 375 §
~3, 1923 -
. J. Cheng, |

‘unction of f
ar 1 P. A
| ~ Sons B

d Ho A |

and M. S §
on locel §
Induced §
na, pp. 47 [

. vances i i
983). 5

‘M&riﬂ‘ i’
209_4, ASM ‘:j

12, Joi® ,::

"C.A’. Loto

22. E.J. Zeller and J L. Wray, Bull. Amer Assoc

19. s- H Lin and S. C. Dexter, Corros:on g, 44 9 Petro. Geog., 40, 1, pp.140-152. '
Sept pp- 615-622, (1988). . N ‘

23, S. L. Wolfson and W, H. Hart, Corrosion J., 37,

20. K. G. Compton, Proc. Int. Corr. Forum, Toronto, 2, pp. 70 - 76, (1981).

1975, NACE, Paper 13. ‘

. 24. P. O. Gartland, E. Bardal, R. E. Andresen and R.

21. R. A. Humble, Corrosion J.,4, 7, pp.358-370, Johnsen, Corr. J., 40, 3, pp.127-133, (1984).

(1948).

TABLE 1

CHEMICAL COMPOSITION OF SUPER AUSTENITIC STAIN1 SS STEELS

. amwwmm -~ - -

Tube Alloy/UNS’ ‘ ELEMENT %
NO Cr Tni Mo [Cu [Mn |C S I|Si [N
1 904L(NOBS04 110023 |asa |45 |15 |20 [002f.045 [.035(10 |-
2&5 | 25asmrve3nnsey |19.5205 Liso | &% |10 1".0 0.0210.03 .01 |80 |.20
387 | avexpmngzsny | 20022 |24s 65 |- 26 ]oo03[004 J.03 f1.0 |.23
486 1925HMO(N08925) 24.0-26 | 20.0 5 (10 }1.0 10.0210.0451.03 105 10.20
8 316531603 |16a8  |1004 |23 |0 |20 [00]0045]1.03 110 |-
9 Dummy {Any of the above - as specified).
TABLE 2
TEST CONDITIONS
Run # lsays $:team Temp. (®°C) Water flow rate (ft/s)

4 i 59 140-160 ' 45

5 64 162, 4.5

6 61 160 | 9

7 - 60 130 1

8 61 160 9
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IST AND LEGENDS FOR THE FIGURES 7. Optical microscope photograph of an under deposit
local corrosion attack site in AL6XN (NO8367)
FIGS LEGENDS : _ alloy tube. Mag. x 6.4. (Glass ball size =
1. S. E. M. micrograph of local corrosion attack on © 2.5mm). N
* the inner surface of 1925HMO (N08925) alloy
tube. 8. - FDAX analyels of the Liofilm in the sicam

chamber portion of 904L (NO8904) zlioy tube.

2. Optical macrograph of under deposit corrosion on ) ]
the inner surface of  ne of the split tested tubes. 9. EDAX analysis the t  ilm in the
(31925 HMO alloy? chamber portion ¢t 3161, (SL&I})O3) alloy tube.
: smaiic disgrams showing the jocations and 16, EDAX analysis of the biof !'r{m the ouilet portion
extent of corensien in all the tested tubes {eveep? of 3141 (831603) alloy n.uc/.
ilie dummy) in ore of the test- rins where where Ve
was adheren: culcareaus depasit. : CO1L X ray @iffraction (\M‘Jq\cccrnswf 0y :A.na}_\,-sii. of

u‘c curqs.on cx.,r)om froin a v

4. ff?‘\f?ca,il niicroscepe (Wild M3C Modol ! phoiegraph
wsil dotal corrasion T8k gite in
Fooa }U (x i buf! se*r = e

ai undc‘ a.":

51 l(m...

: 120 X -y diffraction spectraseopy (XRDM analyvsic of -
a."h o os ‘J‘ u"xd--n a.-;m't the bielilti femm they deam chamber portion of
{ (& 367 S ALOXN INDRR6T) alioy whe ased as dunimy in
T rims :
¢, .-

i
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