Steel Image Inc. – Failure Analysis and Metallography
7 Innovation Dr. Suite 155, Flamborough, ON, L9H 7H9
understand@steelimage.com, (289) 895-8363

ANALYSIS OF FAILED STAINLESS STEEL
INSTRUMENTATION TUBES
EXAMPLE REPORT
Modified from Original Report

– Electronic Copy –

Kyle Hasselman, B.Eng.
Metallurgist

Shane Turcott, P.Eng, M.A.Sc.
Principal Metallurgist

It broke. Understand why. Solve the problem.
understand@steelimage.com, (289) 895-8363

ANALYSIS OF FAILED STAINLESS STEEL
INSTRUMENTATION TUBES
SUMMARY
The original tube failure and failure of the replacement tube had both occurred by
microbially induced corrosion (MIC). MIC is caused by specific bacteria strains that
produce acid beneath their colonies, rapidly attacking the underlying tube material.
As failure of the second, replacement tube had occurred within only eight days of
service, the system likely contains high biological activity. It is recommended that
NOVA review possibilities of cleaning/disinfecting the system. Other components
within this system, particular those with low flow rates, would be at risk of having
already sustained MIC damage.

1.0 INTRODUCTION
No Peaking experienced repetitive failures of ¼ inch OD 316L stainless steel tubing
leading to an instrumentation AAAAAAAAA analyzer. The first tube installed had been
in service for an unknown length of time. Its replacement tube subsequently leaked eight
days later. Both tubes were submitted for analysis. These tubes had been labeled as
Failed Tubes #1 and #2 based the upon chronological order of failure.
The line contained cooling water discharged from a vortex cooler at 4°C (the temperature
at the failure site was notably warmer than this).
Two new, unused tubes were also provided for examination. Both were from the same
lot as Tube #2 which was the replacement tube.
Steel Image was requested to determine the nature of leaking of both tubes.

2.0 EXAMINATION
Figure 1 displays the two failed tubes plus the new tube material from the same lot as
Tube #2. Figure 2 displays the leak site on Failed Tube #1. Failed Tube #1 had leaked
adjacent a bend in the tube. Its failure region exhibited substantial wall thinning
initiating from the internal surface. Some sites exhibited linear/sequential pitting and
tunneling consistent with microbially induced corrosion (MIC).
Figure 3 displays Failed Tube #2. This tube, which had replaced Failed Tube #1, had
formed multiple pinhole leaks along its length within its eight days of service since
installation. The appearance and sporadic nature of the pinholes were consistent with
MIC. Note that the brown film that had formed within the tube indicated that the process
water had not been overly clean.
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The corrosion damage sustained by the two failed tubes was examined using a scanning
electron microscope (SEM, Figures 4 and 5). Examination found the pits and
surrounding regions to exhibit an etched appearance consistent with acid/chemical attack.
The localized acid attack supported MIC as the mechanism of failure.
Energy dispersive spectroscopy (EDS) analysis was used to analyze the damaged
surfaces. EDS detected chlorine and likely sulfur within the pitting (Figures 4e and
5e,f). Both of these elements could be associated with acids/compounds that can attack
stainless steel (i.e. hydrochloric acid and sulphuric acid). Yet all other indicators,
including the pitting morphology/tunneling, were consistent with MIC. Therefore, of
these two potential corrosive species, it was far more likely that the pitting damage had
been from sulphur-based chemical attack produced as a byproduct of MIC (MIC does not
for chlorine-based acids). Note that 316L contains molybdenum which complicates the
diagnosis of sulphur as both of their spectral peaks overlap. However, the presence of
sulphur was inferred due to the increase in peak intensity relative to the base metal.
The cross-sections taken through the pinhole leak sites revealed the pitting to have an
undercut, bulbous morphology classically indicative of microbially induced corrosion
(Figure 6).
Chemical analysis found both of the failed tubes to conform to the compositional
requirements of 316L stainless steel (Table 1). The tubes’ microstructures were typical
for 316L austenitic stainless steel (Figure 7). No sensitization, sigma phase or other
detrimental phases that would have reduced the materials’ corrosion resistance were
observed. Overall, the core metallurgy of the tubes appeared to be of sound quality.
Table 1: Chemical Analysis of Failed Tubes #1 and #2
Composition (wt%)
Sample
C
Mn
Si
S
P
Cr
Mo
0.03 2.00 1.00 0.030 0.045 16.0- 2.00316L SS
Max Max Max Max Max 18.0 3.00
Tube #1 0.025 1.64 0.42 0.011 0.025 16.92 2.01
Tube #2

0.025

1.84

0.31

0.007 0.020 16.69
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3.0 CONCLUSIONS
The repeated tube failures had been caused by microbially induced corrosion (MIC).
MIC is caused by specific bacteria strains that produce acid beneath their colonies,
rapidly attacking the underlying tube material. Failure of the replacement tube only eight
days of service indicated high biological activity within this system.
The diagnosis of microbially induced corrosion (MIC) was based upon (a) the isolated
pinhole leak sites, (b) the pinholes exhibiting a bulbous/undercut morphology classically
indicative of MIC, (c) corrosion tunneling and (d) the etched out (i.e. acid attacked)
surface appearance surrounding the leak sites and within the internal surface pits. The
damage features were consistent with sulfate-reducing bacteria (SRB).
MIC bacteria form acids beneath their colonies, attacking the underlying base metal.
Sulphate reducing bacteria (SRB) is the most common form of microbially induced
corrosion (MIC). This form of bacteria reduces sulphate to form sulphuric acid. MIC is
one of the few corrosion mechanisms that can corrode through thin sections of stainless
steel a matter of weeks.
Note that MIC thrives in stagnant, warm waters filled with nutrients. The temperature
along this low-flow line was expected to be much warmer than 39°F (4°C) yet not as
warm as ambient conditions. MIC can clearly survive at the temperatures of operation
yet would be expected to be less active at temperatures below ambient conditions.
Whereas failure of Tube #1 could be explained after long durations of service, failure
after eight day time window at cold temperatures seems suspicious. Although not
reported, had the Tube #2 sat filled after hydrostatic testing for prolonged periods of time
before service, MIC may have initiated/progressed under these ideal conditions.
Failure of the replacement tube within eight days of service (plus pre-service time after
hydrostatic testing) was fast for even MIC. Therefore, it would suggest high biological
activity within the line. It is recommended that NoPEAKING review the possibilities of
(a) inspecting the remainder of the line, (b) cleaning/disinfecting the system and (c)
inspecting the stock tube material for any pre-existing MIC damage from
transport/storage. Note that other components within this system would be at risk of
having already sustained MIC damage.
Also note that a brown film had formed along the internal surface of Tube #2, further
indicating poor water quality/cleanliness.
Both of the failed tubes conformed to the compositional requirements of 316L austenitic
stainless steel tubes. No quality issues or detrimental phases (ie. sensitization) were
observed within the core tube material of either failed tube. Failure was attributed to
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Failed Tube #1
(Failed after ~2 weeks)

Failed Tube #2,
(Failed after 8 days)

New, Unused Tubes
(same lots as Tubes #1 and #2)
a) Submitted Tubes

b) Leak, Failed Tube #1

c) Leak, Failed Tube #2

Figure 1:

Photographs displaying the submitted tube segments and their leak sites.
(b) Failed Tube #1 comprised of a single leak site, located near a bend. (c)
Failed Tube #2 comprised of a number of smaller pinhole leaks along the
length of the tube.
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a) Failed Tube #1

b) Failed Tube #1, 10x

c) Failed Tube #1, 10x

Linear pitting and
tunneling indicative of MIC

d) ID, 20x

Figure 2:

e) ID, cleaned, 20x

(a-c) Photograph and macrographs displaying the rupture site of Failed
Tube #1. The failure had occurred at the tube bend which had experienced
substantial thinning/tunnelling from internal corrosion. (d,e) Macrographs
displaying the internal tube surface to exhibit corrosion damage and
pitting. Further analysis would find the damage to have been caused by
microbially induced corrosion (MIC).
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a) Failed Tube #2

b) Leak Site, OD, 10x

c) Leak Site, OD, 20x

d) Leak Site, ID, 10x

e) Leak Site, ID, 20x

Figure 3:

Photograph and macrographs displaying the (b,c) external and (d,e)
internal surfaces of a pinhole on Failed Tube #2. The appearance of the
pinhole pitting was consistent with microbially induced corrosion (MIC).
On the internal surfaces, the pitting was isolated and sporadic.
A brown film covered the internal surface. As this tube had only been in
service for eight days, the formation of a film indicated that the process
water was not overly clean.

Failure Analysis of Stainless Steel Instrumentation Tubes

Page 6 of 10

It broke. Understand why. Solve the problem.
understand@steelimage.com, (289) 895-8363

General corrosion
damage

a) Failed Tube #1, ID, cleaned, 20x

b) ID, cleaned, 1000x

Linear pitting and
tunneling indicative of MIC

Etched out surface consistent
with acid attack

c) Linear Pits, 50x

d) Linear Pits, 1000x
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(a-e) Macrograph and SEM images displaying the cleaned internal surface
of Failed Tube #1. Linear pitting and tunneling, consistent with MIC,
were observed on the internal surface. The pits’ surface exhibited
intergranular features consistent with chemical attack such as sulphuric
acid. (f) EDS spectrum illustrating the presence of chlorine and sulphur at
the leak site. SE1, 15kV.
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a) Failed Tube #2, ID, 20x

b) Pinhole, ID, 40x

c) Pinhole, ID, 100x

d) Pinhole, ID, 1000x
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e) EDS Spectrum

10.0

12.0

8.0
O
Cr

Mo & S peaks
overlap

8.0

Ni
Fe
Mn
Mn

6.0

4.0

C

CrNi
Fe

2.0 Mo

0.0
0.00

1.00

S
Mo
Mo
Mo Cl
Si
Cl
Si
Cl
Mo
P S Cl

2.00

Figure 5:
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(a-d) Macrograph and SEM images displaying the internal surface of the
pinhole leak on Failed Tube #2. (e,f) EDS spectra displaying the presence
of chlorine and sulphur at the leak site. Although the molybdenum and
sulphur peaks overlap, the presence of sulphur was indicated by the
increase in peak intensity. SEI, 15kV.
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a) Failed Tube #2

OD

OD

ID

ID
b) Adjacent Pinhole, 50x

c) Pinhole #1, 50x

OD

d) Pinhole #2, 50x

Figure 6:

ID

e) Pinhole #2, 100x

Photographs and micrographs of Tube #2 displaying cross-sections taken
through pits and pinhole leak sites. The pits/pinholes sites exhibited an
undercut, bulbous morphology indicative of microbially induced corrosion
(MIC). Electrolytically etched using 10% oxalic acid.
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No detrimental phases observed

a) Failed Tube #1, Core, 100x

b) Failed Tube #1, Core, 500x

No detrimental phases observed

c) Failed Tube #2, Core, 100x

Figure 7:

d) Failed Tube #2, Core, 500x

Micrographs displaying the core microstructure of Failed Tubes #1 and
#2. Both tubes exhibited microstructures typical for austenitic stainless
steels. No quality issues or detrimental phases (i.e. sensitization) were
observed. Electrolytically etched using 10% oxalic acid.
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