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PPSTRACT

Field tests and laboratory examinations
and analysis have been performed on series of
super austenitic stainless steel tubes, of which
the inner surfaces were exposed to flowing sea
water in a specially designed test rig. The region
around the middle portion of the tubes in the test
rig was subjected to elevated temperature in the
steam chamber part of the rig. The tubes from
the field test were examined after splitting in the
laboratory with the wild M3C Model optical
macro-/microscope and the S.E.M. (Scanning
Electron Microscopy). The corrosion deposit and
the biofilm were analysed with the S.E.M.
equiped with energy Dispersive x-ray (EDAX)
spectrometer, and x-ray Diffraction (XRD)
spectroscopy. This paper reports the observed
corrosion resistance behavior of the tubes’ alloys.

* While all the alloys were found to be generally
corrosion resistance in sea water, except the
316L, depending upon the test conditions, they
were all also found to be susceptible to crevice
corrosion attack at varying degrees under high
steam temperature. The crevice corrosion

occurred under the strongly adherent calcareous

layers deposited in the steam chamber portion of
the tubes as observed in one of the runs.

INTRODUCTION

The present interest in the use of super
austenitic stainless steel as been brought about
by the need to improve the lenght and
predictability of service of heat exchangers in
chemical industry such as the sulphuric acid
manufacture and in condenser tubes at power
plants cooled with sea water. These super
austenitic stainless steels consist of high
chromium, high molybdenum, and often
containing nitrogen, silicon and in some cases
coper. The 316L used in this work was just for
comparison purpose. The recent development of

these supper stainless steel alloys has provided
better alternatives to the conventional austenitic
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grades. Because of the high chloride
concentration in sea water, the high service
temperature, and biofoulding among other
factors, stainless steéls are susceptible to pitting
and crevice corrosion. Chromium and
molybdenum contents of stainless steels have
been recognised to strongly influence the
resistance of stainless steels to localised
corrosion. The super stainiess steels are those
austenitic grades with a minimum of 20% cr and
6% Mo and those ferritic grades with a minimum
of 25% cr and 3% Mo.

There has been many literature reviews
on pitting corrosion and the effect of alloying
elements on reducing it 2. Various models have
been proposed. Hoar® suggested that
molybdenum encourages the formation of an
amorphous film which is more protective than a
crystalline one. Another more current model
suggests the formation of molybdate complex
ions in solution which effectively block
breakdown sites before it can develop into self- -
sustaining pits®.

Several studies have suggested that
nitrogen in austenitic stainless steels is also an
effective element to improve the resistance to
pitting and crevice corrosion®®”, The most
striking effect of nitrogen has been observed in
molybdenum bearing stainless steels, suggesting
a possible synergism between molybdenum and
nitrogen'®®. Streicher'’ has also observed that
the combined additions of molybdenum, nitrogen
and silicon provided effective corrosionresistance
behaviour to type 316 stainless steels.

it has been widely reported in the
literature''® that metal surfaces immersed in
natural or industrial waters undergo a sequence
of biological and inorganic changes that lead to
biofoulding :and passivity respectively!’®. The
term biofoulding is commonly employed’ to
differentiate those groups of marine organisms






runs.

The super austentic stainless steels were
generally very corrosion resistant. The 316L
used along with them was not corrosion=
resistant. It 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
stream outlet. Quite & number of microscopic
pits or sites of local corrosion attack were
obtained along the weldment of the tubes made
with ALBXN alloy in all the test runs. Most of
the corrosion attack observed were not deep
penetratin_é. _They were shallow, flat, and some
roundish, Fig. 1.

The biofilm covering the inside surface of
the tubes for one of the test runs was quite
, ditferent.  The sitriking differences was more
noticeable in the steam chamber portions. The
biofilm was very strongly adherent te the me1al
surface for all the wubes. Brush and soap solution
could not remove this. It had to be scraped with
the other metallic and handie of the brush used.
Located under the adherent biofilm, were
different forms of corrosion attack;, and- were
mainly microscopic, Fig. 2. A summary of this
result is presented in Figure 3. All the tubes had
corrosion attack under the deposit but to varying
degrees. Figures 4-7 are further indications of
the corrosion attack on some of the tubes.” The
least corrosion attack occurred in the tubes made
of 254 SMO (531254} alloy and ciosely followed
by those made of 1925 HMO {N08925} alloy.
The corrosion attack concentrated mainly in the
steam chamber porton.

EDAX Swectrescopy Analysis

The EDAX spectroscopy analysis results
showed the presence of many chemical elements
as presented, for example, in Figures 8-12. The
‘biofilm colliected from the steam chamber portion
of the tube made of 940L (NO8904) alloy, Fiy. 8,
consists of Ca and P in addition to Fe, Cr and Ni.
The tube's outlet biofilm appears to consist more
of Fe, Si, and Cr. The steam chamber’s portion
biofilm, of the tube made of 316L alloy. Figure 9,
consists of Si, Mg, P, Cl, and Ca among others.
The tube's outlet biofilm consists more of Si, P,
Al and Ca in descending order, Fig. 10.

The -corrasion deposit taken from a
macroscopic’ pit in one of the tubes made of
AL6XN (NOB83G7), consists relatively more
proportion of Fe, Cr, Si and Ca, Fig. 11. The
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presence of S and Mo is very difficult 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 descending order. Ca was more
predominant in the biofilm obtained from the
steam chamber portion of the same tube, Fig. 12.
This was followed by the presence of Si, Mg, and
Fe. The biof in the ste.  chamber was very
adherent to the tube’s inner surface.

X-ray Diffraction Analysis

The results obtained from the x-ray
diffraction analysis of the corrosion deposit
obtained from a pit located at the steam
chamber’s partion of one of the tubes made of
ALBXN (NO8367) alloy, and the biofilm from the
steam chamber and the outlet portions of the
tube are presented in Figures 13-15. The
corrosion deposit consists of many phases of
which the major ones are Fe, 0, (Fe,0,)
Fe(CrO,)0OH; and amorphous materials
{substantial amount}. Different phases were also
present in the tube's steam chamber portion
biofilm of which the major phases are: Ca,(Si0,)},
{OH),; calcite and aragonite - CaCOQOj; spinel -
MgQO - like structure materials. The biofilm from
the tube’s outlet portion consists of: NaCl as the
major crystalline material; C. ), very small
amounts of FeOOH; and other crystalline and
amorphous materials.

DISCUSSION

The over-all results obtained, as.
presented earlier in this paper suggest that ail the -

alloys are relatively corrosion resistant under the
testing condition {Table 2) except the 316L
which was generally non-corrosion resistant in
sea water throughout the testing period. Though
tested with other super austenitic stainless steel.
316L {S31603; allov 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
being reported. It led 10 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 due
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alloys' protective film, others such as Cr, Ni, Mo,
Mg and Si were presumably giving some
beneficial effects of stabilising the alloys
protective film; while at the same time prevent
the biofilm’s growth that could lead to increased
corrosion among other adverse‘ effects.

..1e x-ray diffraction analysis confirms
that the biofilm in the steam chamber was more
enriched with Fe, Ca, and Mg than the outlet
biofitm. 1t further confirmed the presence of
CaCQ, - calcite and aragonite, as the major
composition of the calcareous layer deposited on
the metal’s surface which provided suitable
crevice condition for corrosion attack.

CONCLUSION
1. All the super austentic stainless steels
gave general impressive corrosion

resistance in sea water except under
crevice environment test conditions.

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

3. All the alloys were susceptible to crevice
corrosion attack but at varying degrees.
Any.condition that could create crevice
environment during the use of these

* super austentic 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 alloy surface. Others such as
CaC0O;, MgCO,, sulphates and
hydroxides form the major constituent of

- the calcareous deposition and created
crevice condition(s) on the metal surface
for crevice corrosion attack. Calcareous
depaosition is definitely not good for these
alloys in sea water. ’
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TABLE 1

CHEMICAL COMPOSITION OF SUPER AUSTENITIC STAINLESS STEELS

Tube  AbHuy/UNS LLLEMENT %

Nao Cr Ni Mo Cu  Mn ¢ P 8§ Si N

! DULLINGBIUL) 19.0-23 250 4.5 1.5 2.0 002 045 U35 10 -

23 2S48MO0 [9.5-20.5 180 625 1.0 1.0 002 003 01 80 20
183125840

3x7  ALOGXN 20.0-22 245 65 - 20 03 04 03 10 25
(NON3GT)

&0 TIISHMO 240-260 204G 65 LU 10 002 4045 .03 0.5 0.20
ANURDZHY

N RITORARIFCIXY] to- iR iG-34 223 - 20 003 0045 030U -

9 Thaniny tAny of te ahove - s specilied).

TABLED

TEST CONDETIUNS

Kun # Duvs Steusn Temp £C) Waler e rate (178

4 59 1160 4.5
] o4 162 4.5
o a1 1) v
7 ) 130 I
X o1 f) 9

LIST AND LEGENDS FOR THE FIGUPT®

FIGS. LEGENDS

1. S.E.M. Micrograph of local corrosion
attack on the inner surface of 1925HMOQ
{NO8925} alloy tube.

2. Optical macrograph of under deposit
corrosion on the inner surface of some of
the split tested tubes.

3. Schematic diagrams showing the
locations and extent of corrosion in all
the tested tubes (except the dummy) in
one of the test runs where there was
adherent calcareous deposit.

4. Optical macroscope {Wild M3C Model).

photograph of an under deposit local
corrosion attack site in 904L alloy tube.
Mag.x 10. {Glass ball size = 2.5mm).

5. Optical macroscope photograph of an
under deposit local corrosion attack site
in AL6XN {NO8367) alloy tube. Mag.x
6.4 (Glass ball size = 2.5mm). )
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10.

11.

Fig. 5

Optical macroscope photograph of other
numerous under deposit local corrosion
attack site in AL6XN (NO8367) alloy
tube. Mag.x 6.4 {(Glass ball size =
2.5mm}. .

Optical macroscope photograph of an .
under deposit local corrosion attack site
in AL6XN (NO8367) alloy tube. Mag.x
6.4 {Glass ball size = 2.5mm).

EDAX analysis of the biofilm in the steam
chamber portion of 904L (NO8904) alloy
tube.

EDAX analysis of the biofilm in the steam
chamber portion of 904L {(NO8304) alloy
tube. '

EDAX analysis of the biofilm in the outlet
portion of 316L (S31603) alloy tube.

EDAX analysis of the corrosion deposit
obtained from. a macroscopic local
corrosion attack site in the steam
chamber portion of AL6XN (NQ8367)
alloy tube used as dummy in two test
runs. '
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