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ABSTRACT 

Stainless steel water piping used to supply coolant for remote 
chemical separations equipment developed leaks during low flow 
conditions resulting from an extended interruption of operations. All 
the leaks occurred at welds in the bottom zone of the pipe., which 
was blanketed with silt deposits from the unfiltered well water used 
for cooling. Ultrasonic, radiographic, and metallographic 
examinations of leak sites revealed worm hole pitting adjacent to the 
welds. 
in corrosion on the external pipe surfaces beneath brown crusty 
deposits which had developed. 
suggest a strong propensity toward microbiologically influenced 
corrosion (MIC) and fouling. 

Seepage at the penetrations was strongly acidic and resulted 

Analyses of the water and deposits 
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BACKGROUND 

Leaks in two parallel 16 inch carbon steel pipe systems which supply 
cooling water for several remote chemical process operations were 
attributed to concentration cell corrosion beneath deposits, corrosion 
product build-up, and tubercles on the inside surfaces of the pipes 
(References 1-4; Figure 1). The deposition occurred in spite of 1000 
gpm throughput of untreated well water. The leaks began to appear 
in 1972 and caused numerous interruptions for service and 
maintenance. 
in the last 150 feet of the 900 foot long headers. Upgrading of the 
pipe was dictated eventually by an increased frequency of leak 
occurrence. 

The corrosion occurred from the inside and primarily 

Replacement of the carbon steel water headers was initiated in 1986. 
To alleviate concerns about corrosion, 16 inch stainless steel pipe was 
chosen, and the water was neutralized and chlorinated. About the 
same time as the installation took place, process operations began 
slowing down. 
supplied by the last 150 feet of each header, was temporarily 
suspended. 
of the new lines where the previous piping had experienced pitting 
corrosion and leakage. 

Eventually, processing work in cells 15 to 18, 

The result was a very low flow condition in the portions 

New leaks began to appear in late 1991. 

QBSERVATIONS 

Leaks in the cooling water supply for the chemical separations 
facility were observed in 1991. The leaks were controlled 
temporarily by "bagging" the pipe and funneling the water to a 
barrel, Figure 2. Better repairs, e.g. full circle seal clamps, which 
have been used previously (References 2,3), were obviously needed. 
A failure analysis was initiated to determine a reason for existence of 
the leaks. 

The leaks occurred on and near several welds on the header 
supplying the last four sections or cells in the facility (Figures 3 and 
4). These sections are furthest from the supply end, and flow is 
essentially non-existent due to the work slowdown. 
ends at the last section, cell 18. 
weep, a brown stain reminiscent of earlier leaks in another cooling 
water system at the Site was observed. 
associated with MIC (Reference 5). 

The header pipe 
Where the observed leak is merely a 

The earlier failure was 
The pipe was marked as 16 inch 
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schedule 10s AIS1 Type 304L stainless steel. Water flow rate was 
estimated at a very low 2 gpm, and the flow was certainly laminar. 
Actually, flow in the last sections of both headers was relatively low 
even during full scale production. Although the water is currently 
"inhibited" well water, Le. it is neutralized, pH-7, and has 
hypochlorite additions, the additions are not continuous, and control 
is imperfect. In addition the water is not filtered to remove fines. 
As a result of the low flow conditions, deposits may accumulate in 
the last 150 feet of the header, corresponding to the last 3 or 4 
process cells. 
because low flow conditions encourage biological development, 
pitting could develop beneath the deposits, just as for the old carbon 
steel pipe. 
performed at the leak sites. 
during earlier investigations of MIC, was applied for investigating the 
leak problem in the headers (Reference 3, and a total of thirteen 
(13) welds were found to contain pitting (Reference 6). Internal 
inspection of the piping, requiring shut down of the process and 
draining of the lines, was still needed. 

Because control of the chemistry is imperfect, and 

Radiography and ultrasonic (UT) measurements were 
The UT approach, developed and used 

An inspection cover was removed on the end of the header pipe at 
Section 18 (the last process cell). 
of approximately one inch for an indeterminate distance into the 
pipe. 
These were positive for anaerobic, sulfate reducing, and acid 
producing types of bioorganisms (Reference 7). 
investigations at the nearby Site vitrification facility, MIC damage, 
under similar conditions to those seen here, was attributed to the 
manganese and iron oxidizing bacteria hyphomicrobium and 
gaZZioneZZa (References 5,8). 
which might be responsible for problems in the chemical separations 
facility headers, samples of the mud and water with viable 
organisms must be collected from the leak site and examined more 
thoroughly. This was not done. 

Mud covered the invert to a depth 

Samples of the mud were collected and analyzed for microbes. 

In prior 

To positively identify the microbes 

During a facility shutdown, radiographic examinations were 
performed on six of seven welds identified as having void 
indications. The voids were initially located by the UT procedure 
(Reference 5). 
cut out and replaced before radiographic examination was begun. 
The radiographic work confirmed the presence of voids in the pipe 
wall and yielded radiographs similar to those seen in the earlier MIC 

A section of the pipe containing the seventh weld was 
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investigation at the Site. 
occurred under the mud layer near the bottom of the pipe. In 
addition, all the corrosion was initiated at weld locations and 
developed as subsurface voids within the wall of the austenitic 
stainless steel pipe. 

It appears that all of the corrosive attack 

METALLOGRAPHY 

A section of the stainless steel pipe containing a butt weld with 
several leak sites, Figure 5 ,  was brought to the Metallography 
Laboratory for analysis and determination of a reason for the 
leakage. 
void formations at the leak sites, and visual inspection revealed 
rusting, shallow pitting, and pin-prick-like damage on the exterior 
(see Figure 6). 
damage, and a 3 in. x 12 in. window containing all the flaws was 
marked and removed from the pipe (Figures 5 and 6). 

Ultrasonic testing had shown "worm-holing" or subsurface 

Radiography was used to precisely define the internal 

Samples were removed for metallographic analysis. from each of 
eight suspect sites marked on the window section. Three of the sites 
are indicated in Figure 6. Each sample was identified; the ID and OD 
surfaces were photographed, as in Figure 7; and the pieces were 
mounted for metallographic study. 
then revealed the internal holes (Figure 8) mapped by the 
radiographs. 

Standard polishing techniques 

Figure 8 is a photomicrograph of a void in the wall cross-section of 
the 16 inch pipe. The marked area in Figure 6, showing pitting and 
rust, and the ID and OD views of the weld surface shown in Figure 7, 
are of the same leak site characterized in Figure 8. The damage is 
obviously associated with a very localized and unusual corrosion 
phenomenon. 

The large void shown in Figure 8 includes almost the entire cross- 
section for a considerable distance. 
about 3/4 inch. Corrosive loss includes a large portion of weld metal, 
but most of the void is in the parent austenite. 
work suggests that the attack began on the inside surface of the pipe 
at the toe of the weld. 
both internal and external areas slightly away from the weld. 
external corrosion correlates with that in Figure 7. 

The overall length of the void is 

The metallographic 

Surface corrosion is evident in Figure 8 on 
The 
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The photomicrograph in Figure 9 provides a magnified view of a 
portion of the corroded weld. 
evident. 
grain dropping of the principal austenitic phase. 
generally consumed to develop the void, leaving a porous network of 
material on the void surface. 
shown in the scanning electron microscope photomicrograph of 
Figure 10, where the void wall has a sponge-like appearance or an 
appearance similar to coral. 

Preferential attack in the weld zone is 
Corrosion proceeded along grain boundaries resulting in 

The grains were 

The porous structure remaining is 

SEM photomicrographs of the void wall in the area away from the 
weld metal show a definite intergranular attack of the austenitic 
material, Figure 1 1. 
Note the stepped appearance in a number of the grains, and the 
stepped triangular shapes developed on the surfaces at several 
locations. 
observed and reported in the literature for numerous materials and 
etchants. 
observed in the field. The corrosion observed is similar in nature to 
this etching. 

The corrosion is evidently also crystallographic. 

Preferred attack on certain crystal planes has been 

It is usually a laboratory phenomenon, and not generally 

DEPOSITS 

Microbial corrosion often involves development of large tubercles on 
the surfaces exposed to the contaminated environment. These 
tubercles support the colonies of organisms which generate the 
corrosive solutions that react with the metal. 
also occur beneath sediments which accumulate at low points, 
deposits which consist of silt from the solution and corrosion and 
scale products from oxidizing reactions. This is what exists in the 
pipe being discussed here. They may be soft or hard, but in any 
case, the accumulations interfere with washing of the surface and 
they may prevent corrosion inhibitors and biocides from reaching 
the metal surface, where their influence is required. The chemicals 
may not be able to penetrate biofilm deposits at the wall to set up a 
defense mechanism. 

Similar corrosion may 

CORROSION TES TS &WATER OUALITY 

Steel test coupons, placed in the cooling towers in the chemical 
separations facility prior to the use of inhibitors exhibited pitting and 
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substantial general corrosion in the plant natural waters (Reference 
9). Note that untreated well water systems at the plant have a long 
history of corrosion failures occurring in pipe, fittings and weld 
joints, failures related to the low pH and the corrosive nature of the 
water. 

The coupons in the cooling tower location corroded at an average rate 
of 12-19 mpy. 
were found, and non-uniform rates on most specimens markedly 
exceeded this value. 
and treatment is obviously warranted. 

However, uniform corrosion rates as high as 32 mpy 

Such rates of metal loss are very destructive 

Samples of the untreated cooling tower water and of the deposits and 
corrosion products were analyzed. Water pH was 3.8. The 
conductivity of the water was high (74 mhos/cm) and this is 
conducive to electrochemical activity. 
showed principally iron oxide. 
were also present at -2 wt. % each. There was about 11% loss on 
ignition, which was not specifically identified, but it includes water of 
hydration, organics such as microorganisms, and volatiles. 

Analysis of the deposit fines 
Silica, zinc oxide, and several sulfates 

The water is currently neutralized or pH adjusted with sodium 
hydroxide to approximately pH 7. Hypochlorite is used with the 
intention to provide an average residual chlorine of 0.5 - 3 ppm. 
Unfortunately, pH 7 is insufficient to control bacteria and other 
microorganisms so as to eliminate their effects. 
not always adequate for every organism, and the additions are not 
continuous so that the levels can be expected to vary significantly. 
Absolute control of bioorganisms requires other means. 

The use of chlorine is 

Water samples selected from numerous locations at the plant site 
were found to contain gallionella, pedomicrobium, and 
hyphomicrobium, all iron depositing bacteria (Reference 8). 
reducing organisms such as desulfovibrio are also present. These 
and other organisms are present in the soils and waters (wells) 
across the plant and thus are essentially always available. Biocide 
treatment is desirable but is not always an easy solution. A roughly 
once-through flow pattern with the extremely large volume of water 
when this cooling system operates at full capacity precludes use of 
most chemical biocides, which are regulated and not able to be 
discharged to natural streams. 

Sulfate 
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RESULTS AND DISCUSS ION 

Where corrosion is influenced by biological organisms and their 
activity, growths of biofilms or of tubercles often occur. 
develop as a result of "colonization" of the organisms, an associated 
increase in population, and an encrustation or gelation capable of 
resistance to mechanical or other outside disturbance, and they serve 
to establish an independence from the surrounding environment. 
Where mud or silt deposits occur, these may provide the needed 
mechanical protection and separation to allow for isolation and 
development of the organic populations. 

These 

During the inspections, no tenacious tubercle formations were 
uncovered at the locations of subsurface corrosion in the subject 
pipe. 
vicinity of tubercles and related to superficial oxidation reactions 
with the substrate metal, were also absent at the sites. 
remains possible that less rigid masses of organisms and corrosion 
products had existed and were swept away with the mud. 
7, corrosion is not obvious on the surfaces of the weld filler, though 
adjacent external surfaces in the parent austenite do show rusting 
and pin hole damage. 

Moreover, stains in the form of colored rings often seen in the 

However, it 

In Figure 

The appearance of the corroded material and the conditions relating 
to the development of the corrosion were similar to those observed 
with previous MIC-associated failures at the plant site. 
in the sediments and water of large numbers of microorganisms 
capable of causing MIC supports the suggestion of biologically- 
influenced corrosion. 
sections of the header pipe only after the decrease in plant 
processing activity, when cooling water consumption dropped 
significantly and water flow nearly stopped in these sections. 
evident and imperative that both filtration and a biocide treatment 
be added to this water system. 
and other possible non-chemical approaches in addition to chemical 
additives. 
problem does not recur. 

The presence 

The corrosion developed in the last several 

It is 

Biocide treatments include ozonation 

It is necessary that stagnation be eliminated to assure the 

For the present water system filtration and a higher velocity 
scrubbing action are both needed. 
most of the fines. 
finer material remaining after filtration will not precipitate and 

Filters can be used to eliminate 
If the velocity can be increased to about 5 fps, the 
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accumulate, and the corrosion 
wall surfaces. Moreover, 'any 

inhibitors will remain active at the 
tendency to develop a solids 

accumulation will be minimized by the scrubbing-action of the flow. 
Increased flow can be achieved by changing the pipe size in the 
sections where the leaks have developed. 
smaller header pipe in the reduced flow section will provide for 
higher velocity and the better scrubbing capability desired. 

Stepping down to a 

It is necessary to remove the present silt and corrosion product 
accumulations before attempting to improve inhibition. For success 
of corrosion prevention techniques it is imperative that deposits be 
removed first. 
means. Mechanical methods include hydroflushing, scraping with a 
snake or roto-rooter, and pigging. 
are hydraulically loaded from behind and which mechanically scrub 
the inside walls as they sweep through the pipe. Water flow sweeps 
the disturbed solids from the pipe after the pig passes. 
passes are sometimes needed for complete washing. 

Cleaning methods include mechanical and chemical 

Cleaning pigs are devices which 

Multiple 

Chemical cleaning may also be considered. 
selected for use will depend on the deposit. 
surfactant to wet the solids and to break up and deter further 
agglomeration. It may be desirable to actually dissolve some of the 
solids, requiring use of other chemicals. In any case, thorough 
rinsing is required following the chemical treatment, and disposal of 
the solutions must be considered. 

The fluid or additives 
It is desirable to use a 

The process water - filtered, adequately inhibited and possibly 
biocide treated - should immediately be reintroduced to the system 
after cleaning in order that passivating conditions be established in 
the proper environment. 
chlorination was not successful in preventing corrosion, so that 
straight chlorination and use of the same procedures cannot be 
expected to eliminate the problem. 
combination chemical and mechanical approach are apt to work best. 

Note that the previous method of 

Mechanical cleaning or a 

Leaks in a cooling water system occurred as a result of low flow 
conditions resulting from a decrease in chemical processing activity 
at the plant. 
to about 2 gpm at the end of the coolant supply header. 

With equipment idled, the cooling system flow rate fell 
This was not 
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sufficient to prevent sedimentation and development of biological 
populations. Non-destructive examinations revealed subsurface 
pitting beneath the sediments at assembly welds on the pipes. 
Metallographic study of the cross-sections confirmed a marked 
similarity to MIC failures observed in other plant water systems. 
The damage is very much like that seen previously in another 
stainless steel cooling water system, and demonstrated to be related 
to iron and manganese oxidizing bacteria. Mechanical scrubbing of 
the pipe and use of filtered and biocide treated water for make-up 
was recommended. 
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Temporary collection scheme for leaking cooling water 
header. The plastic bag collects the water and is drained 
to a drum for removal. 
Negative No. 92-1236-15. 

Obviously, this is temporary. 
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Figure 8. Cross-section of the pipe wall from corroded area shown in 
Figure 7. 
inch. Penetration to the interior occurs in the vicinity of 
the filler. The rough surfaces are associated with other 
penetrations. That on the upper surface is within the 
boxed area in Figure 7. Negative No. EE-50210-A, Mag, 1OX. 

Overall length of the void is approximately 3/4- 





Figure 10 
Scanning electron photomicrograph of void 
wall in the weld zone. Corrosion at the weld 
provides a very spongy appearance. Compare 
this with the optical view in Figure 9. 
Negative EE-52076-A. Mag, 1OOX. 

Figure 11 
Scanning electron photomicrograph of void 
wall in the wrought parent material away 
from the weld zone, The corrosion is 
intergranular and exhibits preferred attack 
along specif ic  crystal lographic  planes.  
Negative No. EE-52076-A. Magnification, 500X. 


