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Atomic Force Microscopy Study of Microbiologically Influenced
Corrosion of Mild Steel
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The anaerobic corrosion of mild steel in seawater was studied by atomic force microscopy (AFM). In the presence of sulfate reduc-
ing bacteria (SRB), corrosion was intensified and accelerated. A biofilm consists of heterogeneous microbial cells and extracellu-
lar polymeric substance with interstitial voids was observed on the surface of mild steel coupons. The greatest damage of steel
occurred beneath the biofilm, in the form of pitting corrosion. The corrosion of steel can be quantified through section and bear-
ing analyses. The depth of pits increased linearly with time whereas the volume of pits increased as /%, the 2.83 power of time.
Compared with a control experiment without SRB, the depth of pitting corrosion is about one order of magnitude higher. Weight
loss estimates from AFM images are about one order of magnitude smaller than actual weight loss experimental results. The prob-
lems of AFM quantification of corrosion rate at extended stage of corrosion are discussed.

© 1999 The Electrochemical Society. S0013-4651(99)01-006-X. All rights reserved.

Manuscript submitted January 8, 1999; revised manuscript received July 29, 1999,

Microbiologically influenced corrosion (MIC) of metals is com-
mon in the natural aquatic environment. It is estimated that about
20% of corrosion is due to MIC.! The activity of microorganisms
changes the local conditions near the surface of a metal substrate, and
corrosion is accelerated. Microorganisms attach themselves to the
surface of materials, colonize, proliferate, and produce a biofilm.
Gradients of pH, dissolved oxygen, chloride, and sulfate®? exist in
the biofilm, and localized corrosion conditions are created. The de-
velopment of biofilm usually results in pitting, crevice corrosion,
selective dealloying, stress corrosion cracking, or under-deposit cor-
rosion.? The metabolic products of certain microorganism may also
be corrosive to the metal substrate, and the secreted enzymes may
serve as catalysts of corrosion. For example, the high specific activi-
ty of the enzyme hydrogenase was found in a biofilm formed on mild
steel by an aggressive sulfate reducing bacteria isolate.’ Iron ox-
idizing,ﬁ manganese oxidizing,” sulfur oxidiz'mg,g iron reducing,m
sulfate reducing bacteria,®> and other physiological groups, have
been recognized for corrosion of metals and alloys. The most widely
recognized and studied bacteria in MIC, however, are the sulfate-
reducing bacteria (SRB) which consist of a diverse and ecologically
interactive group of anaerobic prokaryotes. They share an extraordi-
nary trait: growth by sulfate respiration with hydrogen sulfide as the
major end product. Sulfide has been known to cause cathodic hydro-
gen depolarization and may also damage the passivity of stainless
steel by accelerating anodic interaction.!12 The extracellular poly-
meric substance (EPS) secreted by SRB facilitates irreversible cell
attachment leading to colonization on the steel surface. It also binds
metal ions, resulting in metal ion concentration cells and changing
the electrochemical condition of the steel surface.!14

MIC has the common forms of corrosion. Investigators have
relied on the shape, morphology, color, and smell of surface deposits
to characterize MIC. It is still unclear what the key mechanisms
involved in MIC are. Electrochemical methods for studying MIC in-
clude direct current methods, alternating current impedance spec-
troscopy, and electrochemical noise measurements. These methods
assume the chemical and electrochemical conditions on the metal
surface are uniform.'*!7 In reality, biofilms tend to create nonuni-
form surface conditions leading to localized corrosion, usually in the
form of pitting. Atomic force microscopy (AFM) has been useful in
elucidating corrosion phenomena related to biofilms on metals sur-
face. Using AFM, Bremmer et al.!® observed bacteria colonization
on both polished and unpolished copper surfaces under batch culture
conditions. Bacterial cells were shown to be associated with pits on
the surface of unpolished copper. Corrosion of 316L stainless steel
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under the biofilm of a consortium of SRB, aerobes, and bacteria iso-
lated from a corroded pipework was studied by Steele er al.'? and the
direct visualizations of submicrometer features of marine SRB cells
on mica were carried out. Beech et al.20 also reported AFM study of
SRB biofilms which induced corrosion on steel surface. While AFM
images and analyses have been reported, no determination of corro-
sion rate has been made using AFM analyses.

This paper reports an AFM study of marine SRB biofilm on mild
steel and the induced corrosion under laboratory conditions. The
changes in depth and volume of pits are examined and results are
compared with weight loss.

Experimental

Preparation of coupons.—Mild steel coupons (10 X 10 X
1.5 mm) were used for AFM study and coupons of 40 X 15 X
1.5 mm were used for weight loss measurements. The coupons were
wet polished with a series of grit SiC paper (320, 400, 600, 800), fol-
lowed by degreasing with ethanol, drying in ambient air, and storage
in a desiccator prior to use. The coupons used for AFM study were
further polished with 0.3 pm alumina particles.

Preparation of seawater and SRB culture.—Seawater was taken
from the Victoria Harbour, Hong Kong, and sterilized by filtering
through the 0.45 pm membrane before use. The seawater contains
2200 mg sulfate ions per liter as analyzed by ion chromatography.
The SRB seed was isolated from marine sediment and cultured in
modified Postgate’s medium C 2! at room temperature. Each liter of
seawater contained 0.5 g KH,PO,, 1 g NH4C, 0.06 g CaCl, 6H,0;
0.06 g MgS0,4-TH;0, 6 mL sodium lactate (70%); 1 g yeast extract;
0.004 g FeSO,-7TH,0; and 0.3 g sodium citrate. The pH was adjust-
ed to 7.2 = 0.1 using 1 M NaOH solution.

Development of biofilms and corrosion in SRB cultures.—Each
liter of test solution contains the SRB culture with addition of 1 mL
of resazurin solution (0.1%}) and the control solution is sterilized sea-
water with resazurin solution but no SRB. All experiments were car-
ried out in enclosed 1 L glass reactors. The solutions were auto-
claved at 121°C for 15 min. After autoclaving, the solution was
flushed with pure N, to remove dissolved oxygen. Resazurin
changes color from violet to orange and then becomes colorless indi-
cating removal of oxygen from the system. For each liter of test solu-
tion, 10 mL SRB seed were added. The test coupons hung on the
Nylon strings were then immersed. Half of the test solution was
replaced with fresh oxygen-free sterile solution once a week. On
days 10, 20, 30, 40, 50, and 60, separate coupons were taken out for
AFM examination and weight loss measurements were carried out on
days 15, 30, 45, 60, and 75.
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analysis. The maximum vertical distance of the pit from the surface
was taken as the depth of pit (section AB in Fig. 2a). The section
analysis was performed three times at different orientations and the
largest dimension measured was adopted as the representative depth
for each pit. Before analysis, all the scanned images were flattened
and plane fit.

The bearing is defined as the amount of the scanned area that lies
above a given height (bearing depth). Figure 2b shows a typical bear-
ing analysis. The bearing area is equal to the box area. The volume
of pit can be calculated by

Volume of pit (|u.m3) = (bearing area) X (bearing depth)
— (bearing volume)

The stop band command is adopted to remove the influence of
minute debris on the surface in the bearing calculation.

Pits and quantitative determination of biocorrosion.—After re-
moval of the biofilm and deposits, numerous pits can be found on the
coupon surface by AFM scans. Figure 3 shows the progression of
pitting in coupons of different stages. No surface damage could be

%

~100

& 25 B 15

o

G+ P o
= | ;
f
i ; o
:S.a :m S

Figure 3. AFM images of coupons surface corroded for different periods. (a} 10, (b} 30, (¢} 40, and (d) 60 days. (Section AB of 3a and CD of 3¢ are shown at

the bottom.)
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Figure 4. AFM images of a control coupon surface. (a) Initial coupon, the cross-sectional profile along the line AB is displayed; (b} after immersion for 60 days.

seen in corresponding control samples (no SRB) in the first 20 days.
After 60 days, the pit generated on the surface of the control sample
(Fig. 4) was much smaller than that with MIC. After 10 days the
mean surface roughness of steel coupons stripped of biofilm is
27.8 nm compared to the initial roughness of 3.4 nm. As corrosion
progressed, the width and depth of pits increased. The apparent high-
er density of pits in Fig. 3a compared to later images is due to the

change of vertical scale, contrast, and focus offset in the image dis-
play. Theoretically, the number of pits per unit area (density of pits)
can be analyzed from the AFM image. As corrosion progressed,
much deeper and wider pits appeared. Some pits merged together
while new pits formed. The initial surface became very rough and
identification of small pits became obscure, especially near the
mouth of a big pit. Section CD in Fig. 3 is much more rugged than

Table L. The measured resulis of pits through AFM in the different corrosion periods.

Total pit volume of Density Volume Area Depth Corresponding

Time scanned area (No./10 X { p.m3fpi|) { umzfpil) {m/pit) Ratio of weight loss
(day) (wm/100 X 100 pm) 100 pm) (Mean * SD)* (Mean + SD) (Mean £ SD)  VAAD)® (mgfem?)®
10 1174 273 4,28 * 3.54 30.46 £ 11.81 0.37 + 0.14 0.38 0.0092

20 160.6 25.8 152 £ 174 53.39 = 38.57 0.44 * 0.28 0.73 0.0125

30 203.0 27.6 439 + 428 79.55 = 52.81 0.84 + 0.53 0.66 0.0158

40 595.3 215 275.7 £ 207.6 332.1 = 170.1 1.39 + 0.64 0.60 0.0464

50 993.2 24.2 3593 + 2094 3836 + 1564 1.96 £ 0.71 0.48 0.0755

60 12349 22.3 4593 £ 2715 4132 = 192.4 211 = 0.76 0.53 0.0963
Mean — 24.8 — _ — 0.56 —

# §D: standard deviation.
by = volume, A = area, D = depth.

¢ Weight loss is calculated from the total pit volume of scanned area (100 > 100 wm). The density of mild steel is taken as 7.8 g)’cmj,
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Figure 5. Variation of pit depth distribution with corrosion period.
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Figure 6. The relationship of depth and time. (The error bars show standard
deviations of pit depths for the same surface.)

section AB and the identification of the smaller pits is more difficult.
Nevertheless, an effort has been undertaken to count pits that are at
least 1-2 pm wide and 0.1 pum deep in the scanned images and are
tabulated in Table I. Actually, the density of pits changed little in the
different periods. A more meaningful index of the extent of corro-
sion may be the total pit volume of the scanned area. This can be
obtained by bearing analysis and are tabulated in Table 1. The weight
loss corresponding to this volume change can be calculated. Figure 5
shows the distribution of pit depth for images corroded after 10, 20,
30, 40, 50, and 60 days. The mean depth of pits increased with time,
as shown in Fig. 6. From the distribution in Fig. 5, about 88.2% of
pits are less than 0.5 wm deep, and no pit deeper than 1.0 pm is
observed for 10 day coupons. For the 60 day coupon, more than half
of the pits are over 2.0 pum in depth and 12.8% have depths larger
than 3.0 wm. Figure 6 shows the depth of pits increased linearly with
time. Based on these data, the average pit growth rate for mild steel
due to MIC in anaerobic seawater containing SRB is 12.0 wm/year.
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Figure 7. Power law fitting of pit volume vs. time assuring volume = «
(time)P. (The regressed parameters are @ = (1.0047, b = 2.83. The error bars
show standard deviations of pit volumes for the same surface.)

The corresponding average corrosion rate, based on volume loss in
Table I, however, is 0.49 pm/year.

AFM has a higher resolution and accuracy in the vertical dimen-
sion compared to other microscopy techniques and is useful in prob-
ing the morphological change of individual pits. To understand the
growth of individual pits, the depth, mouth area, and volume of the
larger representative pits at various corrosion stages were studied with
the bearing analyses. The results are tabulated in Table I. Through a
full log regression in Fig. 7, the volume of the pit grows as 0.0047
(time)*#3. The ratio of volume to the product of area and depth sug-
gests the shape of corroded pits is neither a cone nor cylinder, but usu-
ally a combination of these two shapes as shown in Fig. 2a.

No pits can be observed in the control samples on days 10 and 20.
The mean depth of pits in the control samples is about one order of
magnitude smaller than corresponding MIC samples at the same
time, as shown in Table IL. The deterioration of mild steel is mainly
caused by the biological attack in anaerobic seawater, but there is no
quantitative link between SRB numbers or activity and the corrosion
rate. 26 The microorganisms do not participate in the corrosion pro-
cess directly but are able to actively change the environment sur-
rounding the metal surface to facilitate the corrosion process. With
the biofilm removed, the steel surface was found to be covered with
a dark blue deposited film. The energy dispersive X-ray (EDX)
analysis results indicated that this film is mainly constituted of iron
sulfide. The physical and chemical properties of iron sulfide would
affect the corrosion rate of mild steel. A thin, adherent, continuous
sulfide film would be protective. However, there was no protective
film formed beneath the biofilm. The scanning electron microscopy
(SEM) in Fig. 8 showed sulfide film deposited nonuniformly near the
pit on the steel surface. EDX analysis results showed the content of
sulfur around the pit was 4.22% compared to 0.37% in region A
inside of pit. A galvanic cell was established with steel behaving as
the anode and the solution/iron sulfide interface as the cathode. The
cathodic reaction is the reduction of the sulfate ion to the sulfide ion

Table IL The mean depth of pits for MIC and control samples (mean * SD, pwm).

Time (days) 10 20 0 50 60
MIC 0.37 £ 0.14 044 = 0.27 0.84 *+ (.53 1.96 = 0.71 211 + 0.76
control ND ND 0.083 = 0.027 0.19 = 0.10 031 + 0.12

SD: standard deviation.
ND: not detected.
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Table IIL Weight loss of coupons in anaerobic seawater containing SRB.

(coupon: 4 * 15 x 1.5 mm)

Time (days) 15 30 45 60 75
Weight loss (mg!cm:) 0.095 0.110 0.154 0.637 1.121
Corrosion rate (mgfdmzfda}f) 0.635 0.366 0.342 1.062 1.495
in the presence of SRB. The electron is supplied from the FeS solid Conclusion

phase. The probable anodic reaction is dissolution of iron to free ions
with the creation of pits. The smaller area of anode relative to cath-
ode leads to higher current density, higher dissolution rate, and deep-
ening of pits. The ferrous ions formed may deposit as FeS outside the
pit in the presence of sulfide ions. The other possible anodic reaction
is the direct formation of iron sulfide. This requires diffusion of sul-
fide ions through the solid phase and is unlikely to occur at a later
stage of corrosion when the FeS film is thick. Furthermore, the
absence of iron dissolution does not support the picture of pit forma-
tion. The effect of iron sulfide formed in MIC on the corrosion rate
of mild steel has been discussed by Lee and Characklis.2

Weight loss measurement and comparison with AFM analy-
ses.—Weight loss measurements give the overall corrosion rate. This
common method was used to measure biocorrosion recently.?’
Table III shows the results of weight loss experiments during 15, 30,
43, 60, and 75 days. Compared to the AFM results of Table I, these
data are about one order of magnitude higher. The corresponding
corrosion rates in Table II[, however, show some scattering at the
early days of corrosion. The weight loss method may be less accu-
rate at the early stage of corrosion when the absolute weight change
is too small to be determined accurately. On the other hand, the bear-
ing analyses of AFM images suffers the loss of a relatively flat ref-
erence plane at the later stages and may underestimate the real cor-
rosion. The AFM should be the better method for quantifying early
corrosion, while at the same time revealing local corrosion phenom-
ena. The weight loss method should be better for extended corrosion
quantification.

Site A 8 i I3
Fe{otom %0 99.63 9578 9874 9R.53
5 {atom % 9.37 $.22 126 3.47

Figure 8. SEM image of corrosion pit and EDX analysis of sulfide around
the pit.

Atomic force microscopy is a powerful method for analyzing the
corrosion of steels in the presence of microorganisms. A heteroge-
neous biofilm composed of cell clusters can be identified in samples -
exposed to SRB. The depth of pits increased linearly with time and
the volume of pits increased at the 2.83 power of time. In anaerobic
seawater sustaining SRB, the local depth increase of larger pits of
mild steel is 12.0 m per year which is one order of magnitude larg-
er than corrosion without the influence of SRB biofilm. AFM meas-
urement is more sensitive than the weight loss method for determin-
ing the initial stages of corrosion and also the distribution of pitting.
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